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Section I

EIPERTNENTAL NETHODOLOGY AND FROZEN STARTUP PROFILES OF
HIGH TENPERATURE HEAT PIPES VITH NULTIPLE HEAT SOURCES AND SINKS

I LUCSHARY e e e S
’ A high- temperature sodium/stainless steel heat pipe with multiple heat
sources and sinks vas fabricated, processed, and tested. Expe;inental
results from tests performed both under vacuum and in air are presented.
The startup behavior of the heat pipe from the frozen state was
investigated for various heat loads and input locations, with both low and
high heat rejection rates at the condenser. No startup evaporator dryout
failures were found, although the heat pipe was sonic-limited during

startup in air.



1.2 INTRODUCTION

The use of high- temperature heat pipes has been proposed for cooling
the leading edges and nose cones of re-entry vehicles, rail guns, and laser
mirrors, as vell as for the thermal management of future hypersonic vehicle
structures. These applications will require an understanding of the
_behavior and performance of liquid metal heat pipes with _multiple
nonuniform heat inputs. In general, the analytical and experimental
analyses developed for single evaporator heat pipes cannot be applied to

multiple evaporator heat pipes with nonuniform heat loads.

A high-temperature heat pipe is a closed-system heat transfer device
which operates betveen 300°C and 1500°C and contains a wick structure with
a liquid metal working fluid such as potassium or sodium. When a numerical
model of high- temperature heat pipe behavior is proposed, the model must be
compared to existing experimental data for verification. Specific
parameters of the heat pipe that may be needed are the geometry,
dimensions, wvall material, working fluid, wick type, and the operating
temperature range. For comparison with experimental data, detailed
information on the heat pipe operating system is also needed. These data
should include the type and shape of evaporator heat source, condenser
cooling method, heat pipe instrumentation, and measurements of the
evaporator and condenser heat fluxes. The type of test performed, such as
startup, transient, or steady-state is also important. Unfortunately, most
of the previous high-temperature investigations with a single evaporator

were presented in conference proceedings and many of the above experimental

details vere not reported.
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Since the startup behavior of a high-temperature heat pipe in air is
markedly different from a startup performed under vacuum, the test
environment should be reported. There are some disadvantages to operation
in air, such as controlling and quantifying convection losses, and possible
safety hazards if the container corrodes or fails. Startup in air may also
be difficult because of a high "heat rejection rate at ‘the condenser.
Testing a high- temperature heat pipe in a vacuum chamber eliminates
convection losses, prevents oxidation of the container wall, and provides a
physical barrier between the heat pipe and the laboratory in case of
containment failure. Startup failures generally do not occur in vacuum
because the radiation boundary condition at the condenser induces a

self-adjusting active condenser length and frontal startup behavior.

The experimental investigation of the operating chacteristics of a
multiple heat source high- temperature heat pipe was necessary for several

reasons:

1. A literature search did not reveal any experimental data for multiple
heat source high- temperature heat pipes, and the startup behavior for
such a heat pipe was expected to differ from that with a single
evaporator.

2. Vapor temperatures, and therefore the vapor pressures, were usually
deduced from wall thermocouples, which can bte influenced by the type
of thermoccuple used and the thermocouple mounting method. The wall

thermocouple wires may absorb reflected radiation, or act as a small

fin at high temperatures, which can cause a steep temperature gradient
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along the thermocouple wire and inaccurate temperature readings.
Direct measurement of the vapor temperatures is the only accurate

approach for determining the startup behavior from the frozen state.

3. MNany researchers report only the heat input to the evaporator or the
~ heat output from the condenser, and an accurate energy o & for the
heat pipe system cannot be attained. Heat losses frc the .avasorator .

and transport sections are significant, even vith& «

4. The convection losses that are due to operatin. '+ #- ™ J to be

determined for accurate system energy balances.

5. The conventional analytical predictions of Dunn and Reay (1982) and
Chi (1976) for the capillary limits of heat pipes are often inaccurate
and cannot be extended to multiple heat source heat pipes. Therefore,
the capillary limita for multiple heat source heat pipes must be
determined experimentally or by using a detailed numerical simulation
model. In terrestrial applications the experimental data can be used

in designing commercial heat pipes.

6. Accurate and detailed experimental results for the operating behavior
of a high-temperature heat pipe with multiple cvaporators will be

required for verification of future numerical simulation models.

1.3 EXP NTA ARATUS AND P D

The high- temperature heat pipe was a sodium/stainless steel heat pipe

designed to operate at a vapor temperature range of 500°C - 800°C. The




&

compatibility of 304L stainless steel with sodium is wvell-documented in
heat pipe literature. No attempt was made to design a high capacity heat
pipe since the main objective was to obtain detailed and accurate

experimental data related to the frozen startup operating characteristics

vith multiple heat sources.

The heat pipe shell and end caps were fabricated from Type 304L

"stainless steel. The heat pipe shell is 1000 mm in length, with an outside

diameter of 26.7 mm, and a wall thickness of 2.15 mm. The ends of the heat
pipe shell were machined so that the end caps fit snugly. All of the heat
pipe parts were carefully fitted and cleaned using standard procedures. The
heat pipe shell, end caps, and wick material were degreased with
1,1,1-trichloroethane, rinsed in deionized water, then rinsed in methanol

and allowed to air dry.

A simple circumferential screen wick consisting of two wraps of 100
mesh Type 304 stainless steel was installed to provide a liquid return path
to the evaporators. The wick was rolled on a 19-mm mandrel vhich provided a
positive tension in the wick against the heat pipe wall. The vapor core
diameter is 21.5 mm. The screen wire diameter and screen wick thickness

are 0.114 and 0.456 mm, respectively.

The end caps were TIG welded to the heat pipe shell, and the interior
of the heat pipe was protected from oxidation during the welding process by
a cover layer of nitrogen. A high-temperature bellows-type valve was

attached to the heat pipe fill tube to racilitate sealing, purging, and

charging of the fluid inventory.




The heat pipe had four independently-controlled heaters in the
evaporator section. After consideration of several heat sources, Inconmel
600 Aerorod BXX flexible electric heaters manufactured by ARi Industries
vere chosen since they were judged most reliable for the heat pipe
performance tests. An important advantage of these flexible heaters was
their ability to withstand high watt densities at temperatures up to
1000°C. Eech evaporator consisted of one 850 watt heater coiled around the
heat pipe circumference, giving an individual evaporator length of 53 mm,
vith 90 mm adiabatic sections separating each evaporator (Figure 1.1). One
problem with coil-on heaters is a large temperature drop between the heater
elements and the heat pipe wall because of poor thermal contact. In order
to minimize the thermal contact resistance, & stainless steel clamp was
novnted around each heater. Power input to each heater vas supplied by a
120-volt variable ac transformer. The electrical currents and voltages to
each heater were measured with a Fluke 77 multimeter, which has an

uncertainty of ¢ 2% of the reading.

Heat pipe vapor and wall temperatures were measured with Type K
thermocouples, which were calibrated with an accuracy of * 0.3 0C. There
wvere 12 vall thermocouples, 6 vapor space thermocouples, and 1 thermocouple
on the top of each heater (Figure 1.1). Vall thermocouples in the
adiabatic, transport, and condenser sections were spot-welded to the heat
pipe wvall. One sheathed thermocouple was located in a shallow groove
underneath each heater coil. A 4.7-mm diameter, Type 316 stainless steel
sheathed multipoint thermocouple mounted axially within the heat pipe vapor

space provided vapor temperatures at six locations. The multipoint

thermocouple exited the heat pipe through a tube in the evaporator end cap
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and vas locked in place with a compression fitting to provide a leak-tight
seal. Temperature data were monitored with a Fluke 2285B Datalogger
interfaced with an IBM personal computer for data storage and were

typically recorded every 2 to 5 minutes.

 The evaporator section of the heat pipe vas insulated with a specially
fabricated clam-shell radiation heat shield unit in order to minimize the
radiation losses. The evaporator radiation shield consisted of six
individual shields arranged concentrically around the heat pipe. The
shields vere fabricated from 0.127-mm Type 304 stainless steel shim-stock,
and wvere mounted to a stainless steel jacket 127 mm in diameter and 1.6 mm
thick (Figure 1.2). The radiation shield also included internal ceramic
baffles to separate the evaporators from the adjacent adiabatic sections.
The adiabatic transport section of the heat pipe was insulated with six
concentric radiation shields in the same manner as the evaporator section.
Both the evaporator and transport sections were fitted with water-cooled
calorimeters to measure the actual heat losses occurring in each section.
The evaporator calorimeter was fabricated by soldering a continuous line of
copper tubing to the outer wall of the radiation shield jacket. For the
transport Section calorimeter a jacket was fabricated from 127-mm diameter
1.6-mm vall copper pipe, and a continuous line of copper tubing was then
soldered to the outer wall of the jacket. The evaporator and transport

section calorimeter coolant supply lines were connected in series.

Heat wvas removed from the condenser section by radiation to a

vater-cooled double-wvall calorimeter fabricated from copper. The

calorimeter vas 292-mm long, with an inner radius of 32 mm, leaving a gap
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of 19 mm between the heat pipe wall and the calorimeter surface. The
calorimeter was equipped with internal baffles to improve the heat transfer
between the inner wall and the coolant flow, and vas fitted with an air
bleed valve located at the top of the outer wall to ensure complete filling
of the czlorimeter.

Type K thermocouples located in the calorimeter inlets and outlets and
measurements of the coolant masz flow rate through the calorimeters allowed
the heat losses from the each section of the heat pipe to be calculated. An
accurate energy balance for the heat pipe could be computed by adding the
heat losses from the evaporator, transport, and condenser sections and
comparing the total heat loss to the electrical pover input. The heat 1load
transported by the heat pipe was defined as the power output from the

condenser calorimeter.

After the installation of all thermocouples and heaters the heat pipe
vas mounted to an adjustable height support frame with ceramic fiberboard
brackets. The heat pipe was then processed on a specially-built heat pipe

filling station. The heat pipe was evacuated to a pressure of 10'7

torr and
was initially filled vith 43 grams of Grade T3N5 sodium. It was necessary
to push the sodium into the heat pipe with argon gas, so the heat pipe was
hot-processed to remove the noncondensable gas. The hot-processing
procedure was performed by reattaching the sodium fill chamber to the heat
pipe fill valve, connecting the fill chamber to a high vacuum source, and
operating the heat pipe vith the fil) valve open until isothermal vapor
temperatures were observed. The fill valve was then closed, and the heat

pipe was ready for testing.
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The high- temperature heat pipe with multiple beat sources was tested
at Wright State University in a stainless steel vacuum chamber. Stainless
steel is a standard material used in vacuum chamber construction because it
exhibits very low outgassing characteristics under high vacuum, and vacuum

tight velds are easily attainable vhen TIG welding is used. Chamber

dimensions were chosen to provide sufficient room inside the chamber for

the heat pipe instrumentation and the heater power leads, and to allow
testing at various evaporator elevations. The chamber was built with hinged
bulkheads at each end to allow easy access to the chamber interior, which
vere sealed vith neoprene 0-rings. The vacuum chamber evacuation system
consisted of a 152-mm diffusion pump with a water-cooled baffle, an
aluminum slide valve, and a 480 LPM mechanical pump. Vacuum bpressure was
monitored by a Bayard- Alpert type ionization gauge and a thermocouple gauge
mounted to the chamber wall. Vacuum ports welded to the chamber wall were
fitted with feed- throughs for the heater power leads, calorimeter water
supply lines, and the heat pipe thermocouples. The chamber was also
fitted with viewports to allow visual observation of the heat pipe during
testing. ‘e 1.3 shows the vacuum chamber operating system and

auxiliary equipment used in the testing of the high- temperature heat pipe.

1.4 RESULTS AND DISCUSSION

The high- temperature heat pipe with multiple heat sources was tested
under many different operating conditions. The startup behavior for single
and multiple evaporator operation both under vacuum and in air -:as
investigated. The heat pipe was operated with two different fluid charges
(30g and 433), and was tested with evaporator elevations of 0, 1.4, 3.0,

and 5.7 degrees against gravity. A complete summary of tests completed is
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given in Table 1.1. The conditions contained in Table 1.1 are given for

steady- state conditions, although the results presented here are for frozen
startup (part I) and continuum transient and steady-state operation (part

II), and include the following:

A, The electrical input power to each active heater
B. The individually measured power outputs from the evdporator,
transport, and condenser section calorimeters
C. The transport section vapor temperature
D. The heat pipe fluid charge and evaporator elevation against

gravity

The legend at the beginning of Table 1.1 contains explanations for the
superscript notations used to identify specific operating conditions
reached during each case. Superscripts 1 and 2 modify the case number, and
indicate when continuum flow (T* = 395°C) vas reached in the entire vapor
space, and when isothermal operation was attained, respectively.
Superscripts 3, 4, and 5 are located adjacent to individual evaporator
heater power listings, and indicate that the notated evaporator overheated
from wick dryout, the heater reached the maximum allowable temperature
(900°C), and the maximum power output from the power supply was reached,

respectively.

The startup behavior of the high- temperature heat pipe in vacuum wvas
alvays frontal in nature, with a sharp dropoff in temperature across the
vapor front, and no pressure recovery in the condenser. This startup mode

is well-established for a radiation-cooled condenser, being observed by

13



Merrigan et al. (1986), and Ponnappon (1990), among others. Deverall (1970)
concluded that heat rejection by radiation is a self-compensating system
and automatically controls the heat-rejection rate. In other wvords, the
active length of the condenser is determined by the surface area necessary
to reject the applied heat load. Even though sonic velocities may occur in
the condenser, the heat pipe startup is mnot sonic limited -for -a -
radiation-cooled condenser. No startup failures were found during testing
in vacuum, even with initial power input levels of 1263 watts to the
heaters (case 1.9a). The time necessary to reach a steady-state from 2
frozen startup was found to be strictly dependent upon the initial heat
load on the heat pipc. The startup time from the frozen state was dependent
on the applied heat load because the input heat flux determined the
evaporation rate at the liquid-vapor interface and the subsequent axial
heat transport. The thermal mass of the heat pipe mounting assembly,
radiation shields, calorimeters, and the thermal lag in the evaporator

heaters also affected the startup time.

Since no startup failures vere found during testing in vacuum, several
tests were conducted with the heat pipe operating in air, which increased
the heat rejection rate at the condenser by the addition of convective heat
losses. Figures 1.4a and 1.4b present three-dimensional transient vapor
temperature profiles during operation under vacuum (case 11) and in air
(case 22) with only evaporator 1 active. Figures 1.5a and 1.5b are similar
graphs during operation under vacuum (case 15) and in air (case 23) with
only evaporator 2 active. Both sets of figures clearly show how the
startup behavior of the heat pipe changed with the increased heat rejection

at the condenser. The startup power inputs for the cases in air (529 and
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Figure 1.4

Transient Axial Vapor Temperature Profiles With
Evaporator 1 Active
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Figure 1.5  Transient Axial Vapor Temperature Profiles With
Evaporator 2 Active
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394 vatts) vere much higher than those for gtartup under vacuum (311 and
205 watts), the axial temperature gradient ia the condenser was much more
pronounced, and supersonic vapor flow occurred within the condenser region.
No startup failures were found during operation in air, although much
higher pover levels were required to sttain continuum flov in the entire
vapor space. The total energy balance for the heat pipe was maintained
during operation in air. This was due to the radiation shield insulation in
the evaporator and transport sections which effectively eliminated air
exchange between the room and the heat pipe assembly, so there were minimal
convection losses from the heat pipe assembly to the environment. Also, the
heat pipe itself was mounted on ceramic board supports, so very little heat

wvas lost by conduction.

Figure 1.6a presents the transient vapor temperatures versus time for
a high-pover startup with only evaporator 1 active under vacuum (case 14a),
and in air (case 22a). The six vapor space thermocouples are given curve
labels V1, V2, V3... etc., and each specific case is identified by the
number to the right of the hyphen, i.e., V2-14 specifies vapor thermocouple
#2 for case 14. Exact vapor space thermocouple locations are given in
Figure 1.1. The transient vapor temperature profiles for the thermocouples
located within the evaporator section, the transport section, and at the
beginning of the condenser (V1, V2, V3, V4) show identical trends up to
approximately 35 minutes from the initial power input, both under vacuum
and in air. The heat pipe is well insulated in the evaporator and
transport sections, and the presence of air within the insulation

apparently has a negligible effect on the heat losses in these sections.

The increased heat rejection rate at the condenser during operation in air
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has a noticeable effect on the vapor temperatures within the condenser,
shown by curves V5 and V6. Continuum flow was established in the entire
heat pipe for startup under vacuum (case 14a), but during operation in air
(case 22a) the end of the condenser is barely above the melting temperature
of sodium. The startup of the heat pipe for single evaporator operation in
‘air vas hefinitely sonic lihifed, and the bréésuré dfop in the condenéér,
as indicated from the steep dropoff in the vapor temperatures, shows that

supersonic vapor flow existed within the condenser.

Figure 1.6b is a plot of tramsient vapor temperatures for startup with
evaporator 2 active under vacuum (case 15a) and in air (case 23a). The
vapor profiles show no similarities between the two cases, except for the
first thermocouple located in the evaporator section (V1). Although an
input power level of 205 watts was insufficient to reach continuum flowv in
the entire heat pipe for startup in vacuum, the final steady-state
evaporator vapor temperatures were nearly the same as for case 23 (in air),
vhich had a startup power level of 394 watts. The time necessary to reach
steady- state under vacuum was almost twice as long as that in air because
of the smaller heat rejection rate at the condenser. The slope of the
transient condenser vapor temperatures for startup under vacuum shows the
slower temperature rise to the final steady state. The case in air reached

. steady state within 105 minutes, but the vapor front became essentially
stationary at a time of about 70 minutes, when the front cntered the
condenser and supersonic vapor flow occurred. The low condenser heat
rejection rate during operation in vacuum apparently prevented supersonic
vapor velocities and allowed the condenser to slowly rise in temperature to

the final steady- state condition.
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SometET

The startup behavior of the heat pipe with evaporators 3 or 4 active
vas quite different from a standard configuration heat pipe, where the
evaporator is located at one end of the heat pipe. Figures 1.7a and 1.7b,
three-dimensional plots of the transient axial vapor temperature profiles
for cases 16 and 17, demonstrate that during startup with an evaporator
‘located near the middle of the heat pipe the vapor floved towards both the
condenser and the evaporator end caps. When continuum flow was established
in the entire evaporator section, the vapor flow assumed a 'normal’
profile, where the evaporator section was nearly isothermal and a

temperature gradient existed in the condenser section.

The transient axial vapor temperature profiles for several
two- evaporator startups are given in Figures 1.8, 1.9a, and 1.9b. Figure
1.8 (case 19, evaporators 1 and 4 active) indicates that a large
temperature drop existed between the two active evaporators during startup
due to the sudden heat flux applied to the evaporator sections, and the
heat 1losses in the inactive evaporator sections. The axial vapor
temperature gradients in Figure 1.9a (case 20, evaporators 3 and 4 active)
and Figure 1.9b (case 21, evaporators 2 and 3 active) shov that during
startup in vacuum! the vapor flow reached supersonic velocities in both
directions, i.e., towvards the evaporator end and towards the condenser end.
The experimental setup had a certain effect on the degree of two-way vapor

flow. The evaporator section of the heat pipe was insulated, but not truly

iThe heater configurations of cases 20 and 21 vere not repeated during
testing in air, so an air-vacuum startup behavior comparison of these cases
vas not possible.
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Figure 1.7 Transient Axial Vapor Temperatures Profiles for One
Evaporator Operation in Vacuum
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adiabatic, so condensation occurred in the inactive areas of the evaporator
section. The heat losses in the evaporator section contributed to the
extreme temperature gradients between the active evaporators during
startup. The three-dimensional two-evaporator startup graphs clearly show

that after continuum flov wvas reached in the evaporator section, the

evaporator vapor temperature remained relatively constant as the vapor

front moved down the heat pipe. This behavior has also been observed by

Sockol and Forman (1970) for a radiation-cooled lithium heat pipe.

1.5 CONCLUSIONS

A sodium/stainless steel heat pipe with a simple circumferential
screen wick and multiple heat sources was successfully fabricated,
processed, and tested, both in air and under vacuum. Detailed measurements
of the heat pipe wall and vapor temperatures, multiple evaporator heat
inputs, and steady-state heat losses from the evaporator, transport, and
condenser sections vere made. These tests shoved that the startup behavior
of a liquid metal heat pipe from the frozen state was greatly dependent
upon the heat rejection rate at the condenser. Supersonic vapor velocities
occurred in the condenser section during startup, and two-way vapor flow
vas observed in the evaporator section during several two-evaporator
startups. No startup failures (evaporator dryout) were found for single or
multiple evaporator operation in air or under vacuum, although startup in

air vas sonic limited until isothermal operation was reached.

The coil-on sheathed electrical resistance heaters used in the
evaporator section were the primary limitation to finding the maximum heat

transport capacity of the heat pipe, because approximately 407% of the imput
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pover to the heaters was lost, and not tramsported to the heat pipe
condenser. Even with radiation shield insulation, heat 1losses from the
evaporator and transport sections were significant, but water-cooled
calorimeters installed on each section of the heat pipe alloved energy

balances approaching 1007 to be made durihg steady- state testing.




Section II

AN ANALYSIS OF CONTINUUM TRANSIENT AND STEADY- STATE EXPERINENTAL DATA
VITH NUMERICAL PREDICTIONS OF NIGH- TENPERATURE HEAT PIPES

The experimental data presented in Section I were analyzed concerning
the heat pipe performance characteristics and design. Post-experiment
examination of the loosely-wrapped screen wick revealed annular gaps both
between the wick and the heat pipe wall and between adjacent screen layers,
vhich greatly enhanced the maximum heat capacity of the heat pipe compared
to the analytical capillary limit for a tightly-wvrapped screen wick. A
numerical simulation for the transient heat pipe performances including the
vapor region, wick structure and the heat pipe wall is given. Numerical
results for continuum transicnt and steady state operation with multiple
heat sources were compared with experimental results and is in good

agreement.
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2.2 INTRODUCTION

The experimental profiles for the heat pipe startup from frozen state

have been presented in Part I of this repost. One of the objectives of the
experimental study was to understand the transient and steady-state
performance characteristics of the heat pipe, which are very important to
heat pipe design and fabrication. In this part of the report, the
experiméntal results of the performance characteristics for the continuun
transient and steady-state operation of the heat pipe are presented and
analyzed, and the performance limits for operation with varying heat fluxes
and locations are determined. Another objective of the experimental study
was to provide accurate and complete experimental results for the

development and verification of numerical analysis models.

Transient thermal analyses of heat pipes are categorized in three
basic types: Vapor flow in the core region including both continuum
transient and free molecular conditions; transient liquid flow in the wick
vith the possibility of melting inside the wick as well as evaporation and
condensation at the vapor/liquid interface; and transient heat conduction
in the heat pipe wall. A recent detailed literature survey concerning the
thermal analysis of heat pipes was given by Chen and Faghri (1990). This
reviev covered both transient and steady operations as well as one- or

two- dimensional modeling.

Jang et al. (1890) developed a comprehensive mathematical model and
analysis of hrat pipe startup from the frozen state. Different startup
periods were described and the general mathematical formulation for each

period was given. In an attempt to solve the governing equations, the
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liquid flow in the porous media was neglected, and the vapor flov was
assumed to be one-dimensional. No comparison was made with experimental

results.

Cao and Faghri (1990) developed a transient tvo-dimensional

compressible analysis for high-temperature heat pipes vith a pulsed heat

input. In this model, they also neglected the liquid flov in the wick by
assuming the wick to be a pure conduction problem with an effective thermal

conductivity.

A1l of the previous transient models either were not compared to any
experimental data or were only compared to a simulated heat pipe using air
flov in a porous pipe. In this paper, the numerical model of Cao and
Faghri (1990) was adapted to the high- temperature heat pipe with multiple
heat sources and sinks. The compressible two- dimensional transient mass,
momentum, and energy equations in vapor region, and the energy equations in
the vick and wall regions vere solved as a conjugate problem. This model
also eliminated the use of any empirical model for friction coefficients
used in the one-dimensional transient vapor flow models. The transient
experimental results for the vapor temperature along the heat pipe with

multiple heat sources and sinks is also be compared with the proposed

model .

The experimental heat pipe (Section I) was operated with two different
fluid charges (30g and 43g). At first it appeared that the change in the

fluid charge had a major effect on the steady-state operating temperature




of the heat pipe. Figure 2.1 shows steady-btate axial vapor temperature

profiles for four-evaporator operation in vacuum before and after the
removal of the excess sodium. The steady- state vapor temperature was about
25°C colder with a fluid charge of 30 grams versus the same test with 43
grams. The actual cause of the lover temperatures in the 30-gram fluid
- charge cases wvas a slight increase in the emissivity of the heat pipe wall.
Sodium was removed from the heat pipe during isothermal operation in air,
and an oxide vith a higher emissivity vas formed on the heat pipe wall.
Any effect of the fluid charge on the steady- state vapor temperatures would
be neglible since the temperature of a thin liquid pool in the condenser
would be close to the equilibrium temperature. Although the operating
temperature is a function of the wall emissivity, the total time necessary
for startup from the frozen state to a steady-state condition did not
change by any significant amount for the two fluid charges, since the heat
capacity of the excess sodium was quite small when compared to the thermal

mass of the heat pipe assembly.

One of the primary interests in testing the high- temperature hea* pipe
with multiple heat sources was to determine the capillary limits for
operation with varying heat fluxes and locations. Since the capillary
limit wvas not found with the heat pipe horizontal, it was necessary to
decrease the available capillary pressure in the wick. This was
accomplished by raising the evaporator end of the heat pipe and operating
against gravity. Tests were performed with evaporator elevations of 1.4°,
3.0°, and 5.7°. One interesting result of raising the evaporator end of
the heat pipe was a decrease in the operating temperature, as shown in

Figure 2.2, which occurred during operation both in air and under vacuunm.
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Previous high- temperature experimental data was available to support the
observed temperature drop with increased evaporator elevation. Shaubach et
al. (1990) observed a reduction in the temperature drop between the

vick-wall interface and the vapor core of a copper-water heat pipe when

_comparing data from tests performed at evaporator elevations of 5 cm and 30

cm against gravity. When the wick liquid pressure is reduced by the
gravity head, the corresponding liquid saturation temperature is reduced,
therefore the operating temperature of the heat pipe drops. Figure 2.2
shows that in the case of a high- temperature heat pipe with multiple heat
sources the vapor temperature is also reduced by elevating the evaporator

end of the heat pipe.

A frequently encountered problem when testing heat pipes is the
apparent sensitivity of the heat pipe to sudden increases in the applied
heat loads, although the problem is more likely to occur in an arterial or
composite wick heat pipe. The multiple heat source heat pipe had a simple
circumferential screen wick, and showed no sensitivity to the startup input
power level, or to large power increases from a steady-state condition.
Figure 2.3a presents steady-state axial vapor temperature profiles for four
evaporator operation in vacuum, and shows that the final steady- state
temperature reached was independent of the startup power level. Figure
2.3b shows the same phenomenon for single evaporator operation in air. The
fact that the initial powver level and the size of subsequent power
increases had no effect on the final steady-state temperature of the heat

pipe (with the final boundary conditions being the same) proves that the

experimental results are repeatable.




T.9C

700
Case Stortup Qjp/hecter (watts) S.S. Oy, (watts)
\ % 39 Scoselt ~ @cosedd
6804 3 T - OcazeSa. O cose 8o
8a 303 zn
e g —— g g
660 .
- !
640 ~ ! .
620 _
L - . S -8
600 +— -
0 02 0.4 0.6 0.8 1
gistance from evoporator end cap, meters
Figure 3a. four evaporator operation
T.°C
520 - -,
i ® case 10e O case I1d _ ® cose 120 :
i |
| |
500 _J Cose Startup Qi(wotts) $.S. O;, (wotts) '
i i
|
480 -I
)
460 - ; " T I )
0 02 0.4 0.6 08 1

distance from evaporator end cop, meters

figure 3b. One evaporator operation

Figure2.3  Effect of Startup Power Levels on Steady-State Axial
Vapor Temperature Profiles

32

e S N T T e T T e T, A T R S T A R e N S I Y L L T e PR e S T e T e S T T S AN, SRR SR N A Y R A G N - S A RS S AT Y L




Figures 2.4 through 2.7 are plots of the steady-state condenser power
output versus the transport section vapor temperature during operation both
in air and under vacuum for various single-evaporator cases, and their
corresponding steady- state vapor temperature profiles. Also shown are the

condenser radiation heat-transfer limit (calculated as the maximum

| o

radiation heat transfer from the condenser surface area .for a given
condenser wall temperature), and the heat pipe entrainment, sonic, and
capillary limit curves. The heat pipe operating limits were calculated
from the standard equations found in Chi (1976), assuming that only one
evaporator was active. During startup in vacuum the heat pipe operated
along the sonic limit until isothermal axial vapor temperatures were
achieved (shown in Figures 2.4a through 2.7a), then followed the condenser
radiation heat transfer limit. Startup in air always followed the sonic
limit curve, even after isothermal vapor temperatures were achieved because
of additional heat losses at the condenser that are due to natural

convection.

Initial design calculations, based on the standard equations contained
in Chi (1976), indicated that the maximum capillary limit for the heat
pipe, operating horizontally with evaporator 1 active, should have been
approximately 250 watts. The highest condenser power output attained for

. one- evaporator operation was 357 watts, at an evaporator elevation of 1.4°
(case 13d), but heater temperature limitations prevented any further power
increases. In case 28h, operation in air at an evaporator elevation of
5.7°, it appeared that the capillary limit was found for four-evaporator
operation. At the time evaporator 1 started to overheat, as shown in

Figure 2.8, the total heat input to the heat pipe was 2409 watts. The
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condenser power output peaked at 1309 watts, then suddenly began to drop

off, while the evaporator calorimeter output and the evaporator 1 wall
temperature continued to rise. The dryout limit data was somewhat tainted
by the fact that a pocket of gas started to appear at the end of the
__condenser vapor space. The test vas immediately halted, and an attempt vas
made to remove this gas from the heat pipe. During the gas removal
procedure a even larger quantity of gas suddenly appeared within the
condenser vapor space, indicating a possible leak in the heat pipe. Since
the heat pipe was being operated in air, any oxygen that entered the heat
pipe through the apparent leak would immediately oxidize the sodium and
effectively ruin the heat pipe, so all testing was stopped. The heat pipe
vas disassembled, and the sodium was dissolved vith methanol. The heat
pipe container and end cap welds were leak-checked with a helium

mass- spectrometer leak-detector and no leaks were found.

Post- experiment examination of the heat pipe wick showed that uneven
annular gaps existed between the wick and the heat pipe wall, and in places
between adjacent layers of screen. The existence of an annulus meant that
the heat capacity of the heat pipe was much higher than the design pover
level, and the heaters were undersized as a result. Examination of the
vick under evaporator 1 revcaled slight corrosion and a contaminant deposit
approximately 7 mm in diameter on the wick surface. A qualitative
elemental identification on the contamination was made at Wright State
University using a Trunsmission Electron Microscope. and the contaminant
vas determined to be composed of copper. The sodium used in the high-

temperature heat pipe with multiple heat sources was delivered with a

copper content of 5 to 20 ppm, according to the manufacturer. Given the




quantity of copper contamination found in the heat pipe wick it is not
plausible that the copper content of the sodium was the sole source of the
contamination. At some point in the heat pipe fabrication or fluid loading
procedures a smal’ ; iecc of copper must have been introduced to the heat
p1pe system le:r1g ~+ al. (1984), Keddy and Martinez (1982), and Tanaka
et al. ’1990) hav. pIchOﬂSly reported ‘that severe danage can occur in a
screen wick from local dryout and evaporator overheating. The combination
of the copper contamination and the wick dryout must have led to the
formation of the non- condensable gas and the wick corrosion observed in the
heat pipe. No gas was observed in the heat pipe prior to the case 28h wick

dryout.

2.4 NUMERICAL MODELING AND PREDICTIONS

The multiple- evaporator heat pipe configuration and coordinate system
for the numerical modeling is schematically shown in Fig. 2.9. The wick is
saturated with the liquid phase of the working fluid and the remaining
volume of the pipe contains the vapor phase. Heat applied in the
evaporators causes the liquid to vaporize into the vapor space. The vapor
flovs to the condenser and releases the latent heat as it condenses. The
released heat 1is rejected into the environment by radiation or convection

from the outer condenser surface.

2.4.1 Governing Equations
The experiment conducted by Bowman (1987) shoved that the vapor flow

vas alvays laminar in the evaporator, while it might become turbulent at

the condenser vhen the axial Reynolds number Re is relatively high (Re >

2000). For the experiment conducted in this paper, the Reynolds number of
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the vapor flow is relatively low (on the order of 200), therefore, the
vapor flowv can be assumed to be laminar along the entire heat pipe. The
governing equations for transient compressible laminar vapor flow with

constant viscosity are given as follows (Ganic et al., 1985).
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The equation of state is given by .

pRT (2-5)

©
"

The heat transfer through the heat pipe wall is purely by conduction.




' The corresponding governing equation is:

(pey), F = &, 55§D é%]- (2.6)

.. ... .The analysis of Cao and Faghri (1990) showed that the liquid flow in.. _ ___ ___
the wick had a negligible effect on the temperature distribution in the
heat pipe. In this paper, the model of Cao and Faghri (1990) is adopted,

" and the governing equations for the wick region can be vritten as

82T]

o1 19 .. 0
epletr 7 = Ketr o7 (T 30 * 3 (2.7)

where

(pep)ess = @(pcp) g + (1 - 0) (pcy)g

kepe = kg [ky + kg - (1= 0) (kp- k)1/[ky + kg + (1 - 0) (k- k)]
2.4.2 Boundary Conditions

At both ends of the heat pipe, the no-slip condition for velocity and

the adiabatic condition for temperature are applied. At z = 0 and L:

v=w=0 (2.8)

N3
;

At the centerline, r = 0, the symmetry condition implies:
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oo, v=0 (2.9)

The temperature at the vapor-liquid interface is assumed to be the

1 R, Pj
1 T E;; Py
vhere P and T0 are the reference saturation temperature and pressure.

The interface velocities at r = Rv are:

n,
Vi = Ckegs g * Xy 37) / hfg Py (2.11)

v=20
The tern kv(aTv/ar) in eqn. (2.11) can be neglected by an order of
magnitude analysis. At the condenser interface, vapor condenses and

releases its latent heat energy. In order to simulate this process, a heat

source

vas applied at the interface grids on the vwick side. The suction mass flux

p;v; can be obtained by a mass balance over the interface grids on the




Vapdrlside.-‘
The boundary condition at the wick-vall interface r = R, is:
. 8T a _
g e B @)

For the outer pipe wall surface r = lo:

evaporator:
a1 -
kT | eoh " % (2.14)
adiabatic:
4 -
a |f=Ro' 0 (2.15)
condenser:
Lo I _ {h(Tw'Ta) (convection) (2.168)
vir r=R, aeT: (radiation) (2.16b)

vherz h is the convective heat- transfer coefficient, T" and Ta are the
outer wall surface and environment temperatures, respectively, ¢ is the

emissivity and ¢ is the Stefan- Boltzmann constant.

2.4.3 Numerical Procedure
The vapor flow was solved by employing the SIMPLE algorithm (Patankar,
1980; Patankar 1988). The discretization equations for w, v, T and p’ have

the general form

4
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apfp = agfp + dyfy + ayfy * aghg + D (2.17)

A combination of the direct method (TDMA) and the Gauss-Seidel method

vas employed to solve the discretization equations. The pressure vas

- chosen -as a dependent variable and the equation of state p = p/RT was _

directly applied to obtain the vapor density vhile iterating.

At both ends of the heat pipe, the no-slip boundary condition leads to
the prescribed velocity boundary conditions with w =v =0. Since no
boundary pressure is specified, and all the boundary coefficients in the
pressure correction p‘ equation are zero, the p’ equation is left without
any means of establishing the absolute value of p’. In this case, the
interface value of p’ at the condenser end was assigned to zero. The
absolute value of the vapor pressure at this point vas calculated using the
temperature of the liquid-vapor interface at the liquid side and the
Clausius- Clapeyron equation. The absolute values of the vapor pressure
along the heat pipe were also adjusted according to the value at this point

during the iterations. The sequence of numerical steps vas as follows:

1. Initialize the temperature, velocity, and pressure fields. The
density values for the vapor are obtained from the current vapor
pressure and temperature fields through the equation of state.

2. Calculate the vapor-liquid interface mass velocity v,p; using eqn.
(2.11) and the previous temperature field. Calculate the interface
vapor temperature using the Clausius- Clapeyron equation (eqn. (2.10)).

*

*
3. Solve the vapor momentum equation to obtain v and w .

4. Solve the p’ equation and update the current vapor pressure field.
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5. Calculate v, v from their starred values using the velocity correction
formulas.
6. Calculate the heat source term, eqn. (2.12), applying the mass balance

over the interface grids on the vapor side to obtain mass flux v.p..

I~

~Solve the temperature field for the wick, vall, and vapor regions.
8. Steps (1) - (7) are repeated until convergence is reached for each

time step.

2.4.4 Numerical Predigtions

The numerical calculations for the transient heat pipe performance
vere made with the heat pipe configuration shown in Fig. 2.1 presented in
Part I of this report. The left end of evaporator 1 was taken to be z = 0,
and the right end of the condenser calorimeter was taken to be z = L, which
made the total length of the numerically simulated heat pipe to be 0.96 m.
Different grid sizes for the same problem were tested and it proved that
the numerical solutions were essentially independent of grid size used. A
change from a grid size of (14 x 54) to (24 x 107), for example, resulted
in a maximum change in vapor temperature less than 17, and a maximum vapor
velocity change of less than 3%. The present numerical scheme has some
restrictions on the radial grid size especially in the wick structure
region. The interface velocities are computed using eqn. (2.11). If the
effective thermal conductivity kps 18 large, the temperature difference
between the adjacent grids in the wick is very small. As a result, a large
numerical error may arise when estimating the temperature gradients in the
wick. However, this is not a problem in practice. Since the radius of the

vapor core and the thickness of the wick are very small (about 10 mm and

0.5 mm, respectively), a relatively small number of grids in these regions




will simulate the heat pipe performance with sufficient accuracy.

Figure 2.10 compares the numerical vapor temperatures for different
cime periods with the experimental data for cases 6b-6¢c presented in Part I

of this report. The curve labelled with t = 0.0 is the steady -state

condition corresponding to case 6b. In this case, the four evaporators
1200 V. The boundary )

condition at the condenser was radiative corresponding to eqn. (2.16b). At

vere active with a total power input of Qin

t = 0, the pover input at the evaporators was suddenly increased to qin =
1300 V. The transient response of the vapor temperature is presented in
the same figure. After about 30 minutes, the heat pipe reached another
steady state corresponding to case 6¢c. The numerical solutions agree very
vell vith the experimental data. The above numerical calculation were made
with a grid size of 54 (axial) x [10 (radial vapor region) + 4 (radial wick

region) + 4 (radial wall region)], and an emissivity ¢ = 0.645 from

experimental data. It took about 1.5 hours CPU time on a VAX 8420 to run

the case.

The vapor temperatures for different time periods are compared with
the experimental data for cases 19c-19d in Fig. 2.11 with evaporators 1 and
4 active. The agreement between the numerical solutions and the

experimental data is also good.

The numerical interface vapor temperatures are compared with the
corresonding experimental data for cases 21d-21e in Fig. 2.12. The

numerical axial velocity and pressure profiles along the centerline of the

heat pipe for the same cases are also given in Figs. 2.13-2.14. Figure
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2.13 shows that since only evaporators 2 and 3 are active, the axial

velocity curves are stepwise in the evaporator section. Also, the two-wvay

vapor flow was observed near the left end of the evaporator section during

the transient period. This was due to the sudden heat input increase to
—-—.—-...the active evaporators, vhich caused the temperature in the active part of -

the evaporator section to be higher than that in the in#ctive part.

However, after the steady state was reached, the two-way vapor flow

phenomenon disappeared because of the adiabatic boundary condition imposed -

on the inactive part of the evaporator section. Another trend worth notice

vas that shortly after the pover input was increased from case 21d, the

magnitude of the axial velocity increased slightly and then decreased

gradually to another steady-state condition. This trend was also observed

by Cao and Faghri (1990). Unlike the velocity curves, the vapor pressure

increased monotonically from a lower level to a higher level as the pover

input at the evaporator section vas increased. Alsc, near the left end of

inactive part of the evaporator section, the pressure curves were

relatively flat.

In the numerical modeling, the vapor flow was assumed to be laminar
along the whole heat pipe. The numerical results above revealed that the
axial vapor flow Reyuolds number at the transport section in the heat pipe
is in the range of 200-400, indicating that the laminar assumption is valid .

for the numerical simulation.

2.5 CONCLUSIONS
Steady- state tests showed that a change in the emissivity of the heat

pipe wall can have a significant effect on the operating temperature of the

N
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heat pipe. Raising the evaporator end of the heat pipe decreased the
saturation pressure and temperature of the working fluid in the evaporator
vick, and lovered the operating temperature of the heat pipe. The final
steady- state operating temperature of the heat pipe is independent of the

startup powver levels and the size of subsequent power increases.

A capillary limit for four- evaporator steady- state operation was found
vhile testing in air, at a evaporator elevation of 5.7°. A combination of
the evaporator 1 wick dryout and copper contamination of the working fluid
caused noncondensable gas to be formed within the heat pipe, and corrosion

vas found in the wick under evaporator 1.

Post- experiment examination of the heat pipe wick revealed that the
loosely-vrapped circumferential screen wick contained significant annular
gaps between the wick and the heat pipe wall, and betveen adjacent screen
layers. The annular gaps enhanced the maximum heat transport capability of
the heat pipe, but increased the difficulty in predicting the capillary

limits and in calculating the optimal heat pipe fluid charge.

The numerical results agree favorably with the experimental vapor
temperature, proving that the numerical model presented in this paper is
capable of simulating heat pipe performance and would be very useful for

heat pipe design.
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Section III

EXPERINENTAL ANALYSIS AND GENERALIZED ANALYTICAL PREDICTIGN OF CAPTLLARY
LIMITS OF CIRCUNFERENTIALLY- HEATED AND BLOCK-HEATED HEAT PIPES

3.1 SUNMARY

An experimental analysis of several operating parameters for a low
temperature, copper-wvater heat pipe under uniform circumferential heating and
block heating has been performed. The transient wall and vapor temperature
behavior under different step heat inputs was determined. The experimental
and analytical capillary limit and the rise time to a 60°C vapor temperature

was found for both modes of heating.
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3.2 ]INTRODUCTION -

Electronic circuitry has traditionally been cooled by forced or natural
convection, but as VLSI techniques have improved, the amount of excess heat
generated by electronic chips has increased dramatically. It has been

proposed to employ heat pipes to remove this heat by directly attaching the

heat pipe tc the surface of the chip. This heating situation will be termed
"block heating," as opposed to "circumferential heating," which is normally

associated vith cylindrical heat pipes.

Experimental data has been reported for circumferential heating in both
low- and high-temperature heat pipe applications under steady-state and
transient operation. The most recent efforts in this respect were those of
Faghri and Thomas (1989) concerning annular heat pipes and Faghri and Buchko
(1990) for heat pipes with multiple heat sources. The experimental heat pipe
used by Rosenfeld (1987) consisted of a cylindrical pipe vwith a narrow block-
heated evaporator called a line heater, and a circumferentially symmetric
condenser section with a sintered-metal artery wick. The liquid-filled artery
wvas on the side oppusite the line heater. The experimental data taken from
this heat pipe were strictly for steady-state operation, and no data were
reported concerning the transient operating characteristics or capillary

limit.

In the present study, the vall and centerline vapor temperatures and heat
output were obtained for a circumferentially-heated and block-heated heat
pipe. The objectives were: determine the elapsed time to reach a 60°C vapor
temperature from an initial ambient teuaperature of 21°C after a step heat

input, observe any differences in the steady-state wall and vapor
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temperatures, and compare the experimental capillary limit of the heat pipe
over a range of vapor temperatures to the generalized analytical capillary

limits developed in this study for block-heated heat pipes.

3.1. The low-temperéturé heat pipe consisted of a copper pipé vith sealed,
copper end caps containing two wraps of copper screen of 1968.5 meshes per
meter for the wick and degassed, distilled water as the wvorking fluid. The
heat pipe was 1000-mm long with & 25.4-mm outer diameter and a 1.7-mm wall
thickness. Table 3.1 shows the physical dimensions and properties of the

materials used in the experimental low temperature copper-water heat pipe.

Twvo Minco Thermofoil heaters, each wvith a maximum heat input of 250 ¥ at
250°C, were used as evaporators. The circumferential heater covered the
entire circumference of the pipe from 0.015 m to 0.079 m measured from the
evaporator end cap, and the block heater covered the top half of the
circumference from 0.089 m to 0.216 m as shown in Figure 3.2. The surface
area of the circumferential heater was 5.107 x 103 u? and the block heater
5.080 x 10°° m?. This resulted in the heat fluxes from the heaters being
within 0.5% for a fixed total heat input. The heat input was determined by
measuring the voltage and the amperage with a FLUKE-77 digital multimeter.
The combined uncertainty of the power reading was #3%. The voltage wvas
regulated using a variable AC transformer. The vapor temperature of 60°C vas

chosen as the reference temperature to keep the heaters from exceeding their

safe operating temperatures.

~ The schematic of the experimental heat pipe test stand is shown in Figure
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TABLE 3.1

Physical Dimensions and Material Properties of the
Circumferentially- Reated and Block-Heated Heat Pipe

—-- ---—Pipe-and-end cap-material. .. ... ... ... ____ _Copper. ...____ . ..
~Pipe 0.D _ L 2.54 x 1020 _ '
Pipe I.D | 2.20 x 102 n .
Pipe length 1.0m
i  End cap thickness T B S oo 3475 x10%a - - -
Vick material Copper
Screen mesh number ' 1.97 x 10% o1
Vick thickness 7.12x10% s
Vick pore radius 1.78 x 10'4 m
Vapor core diameter 2.058 x 10" 2n
Working fluid Distilled water
Fluid charge 40 cm3
Circumferential evaporator length 6.4 x102 n
Block evaporator length 1.27x 10
Circunferential mode transport length 6.01 x 107! m
Block mode transport length 4.61 x 1071 n
Condenser length 2.69 x 10! n
59
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A Neslab CFT-25 chiller supplied water at a constant inlet temperature to
the condenser. The chiller had a maximum capacity of 500 V over a coolant
temperature range of 5°C to 30°C. A calibrated flowmeter was used to
determine the volumetric flow rate of water through the condenser. The heat
.. pipe was mounted on an optical bench to facilitate leveling. The condenser,
coolant plumbing; and. heat pipe were insulated with at least 2 inches of

Fiberfrax ceramic fiber insulation.

The heat pipe was instrumented with 14 outer vall and 6 vapor centerline
Type K and Type T thermocouples, which had uncertainties of #0.5°C. Two Type
K thermocouples measured the inlet and outlet temperatures of the condenser

coolant. Figure 3.3 shows the physical location of the thermocouples.

The elapsed time required for the copper-water heat pipe to reach a vapor
temperature of 60°C after the application of a uniform step heat input of 25,
50, 75, 100, 125, and 150 W wvas determined for circumferentially-heated and
block- heated operation. After thbe vapor temperature exceeded 65°C, the
coolant flow was started through the condenser and the heat pipe was allowed
to reach a steady-state condition. The inlet temperature of the coolant was
held constant at 27.5 # 2.5°C, and the flow rate was adjusted to maintain
vapor temperatures of 65-75°C. Higher heat inputs were not tested because the
peak wall temperature under the heaters would have exceeded their design
limitations. W¥all and vapor temperatures and the heat output from the
condengser were recorded. Between each test, a minimum of 8 hours was allcwed

for the heat pipe to cool to room temperature.
The capillary limit was defined as the heat input at which the wall
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temperature directly underneath the heater exhibited a continuous sudden
temperature rise. This condition occurs vhen the amount of condensate being
evaporated exceeds that being brought into the evaporator region by the
capillary action of the wick, which dries out the wick and causes the

evaporator wall temperature to increase.

For both heating modes, the capillary limit wvas determined by starting
the heat pipe with- a heat input of 50 W until the desired vapor temperature
vas reached. The coolant was then regulated through the condenser to keep the
vapor temperature constant. For the tests performed at vapor temperatures
below room temperature, the coolant was used to lower the vapor temperature to
the test condition, and then the heater was turned on. After the coolant
temperature had stabilized, the heat input was slowly increased in increments
of approximately 50 W until the heat input was close to capillary limit. The
heat input increments were then changed to 5 to 10 W until the capillary limit
vas reached. The heat pipe was allowved to reach steady-state conditions at
each heat input by waiting a minimum of 20 minutes after the vapor
temperatures had stabilized. The temperature directly underneath the heater
was allowed to continuously rise for 25°C to verify that the wick had dried
out. Two runs were performed for each vapor temperature under each heating

mode to assure repeatability.

3.4 GENERALIZED ANAL LARY TF TIN

A simple, twvo-dimensional analysis was developed to predict the capillary
limit based on the physical and material properties of the pipe, wick, and
working fluid. The following assumptions were made: uniform heat addition in

the heated region and heat removal in the condenser section, uniform vapor and

S L A L e L T S s T T R AR A S T L S T R T N S DY T R A T TR ST

A R R R A T T A ST R I TR N S S T ety ma N e




liquid temperatures, laminar liquid and vapor flow, steady-state operation,
and axisymmetric liquid flow about the centerline in the wick of the adiabatic
and condenser sections. This analysis does not assume an axisymmetric liquid
flow about the centerline in the evaporator section. This development is an

extension of the conventional method by Cbi (1976) for circumferential heating

to block heating._ The pressure balanpe in a clpsed ﬂé;t-iibé.igé
P.(2) = [P,(2) - P (2.g6)] + [Pp(2eg) - Pyp(2)] (3.1)
As the heat load increases, the capillary pressure given by equation

(3.1) increases. This is caused by the increase in the pressure difference in

both the liquid and vapor regions. For a given liquid-wick combination, the

maximum capillary pressure generated is:

o
"
15

e (3.2)

©

The liquid pressure gradient is related to the frictional drag and the

gravitational force (Chi, 1976):

L
[P,(2) - Pylz.0)] = JO -FQ ¢ plg sin ¥ de (3.3)

vhere z = 0 refers to the condenser end cap and

o
KAwhfgpl
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122(1 - €)?

(2
1}
[

‘Similarly, the vapor pressure drop can be expressed in terms of -the -local

axial heat flow rate.

L, .
(P (2e5) - P,(2)] = Jo [rvq -0, gz] dz (3.4)
vhere
(f Re s,
- ﬂ——'
) 2Avrh,vpvhfg

For cylindrical heat pipes,

(f,Re ) = 16

For clos~d heut ;‘pe systems (Chi, 1976),
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so equation (3.4) simplifies to:

L e Ly o
[y - B@I= [ REE @)

" In the block-heated heat pipe, the circumferential distribution of the

local axial heat rate is not uniform in the evaporator section; therefore, the

local axial heat rate is defined as:

27

Q (2) = Jo Q' (2,0) Ry, 40 (3.6)

where Q'(z,v) is the axial heat rate per unit circumferential length and Rove

is the average radius of the liquid-wick.

The maximum possible capillary pressure is reduced by the effects of the
gravitational field on the circumferential movement of liquid in the wick

(Chi, 1976).

Ppn = Pcn - Pn (3.7)
vhere,
P, = olgd; cos y (3.8)




Substituting equations (8.2), (3.3), (3.5), (3.7), and (3.8) into equation

(3.1) and assuming a zero inclination angle yields:

L * *
7 oolady - [ (7R 6

_—— - _— = _——— e e i o . L —— ‘

Collecting the constants and substituting equation (3.68) gives:

20 '

— - plgd.

r i L L 2 ,

i S =J Q"d =J [ Q' (2,0) R, ddde (3.9)
F,+F, Jo 0o

The capillary limit is determined by integrating equation (3.9) and then
solving the resulting equation for the capillary limit. In the uniform,
circunferentially- heated heat pipe, the integral with respect to df simplifies

* ’
to a constant times Q (z) since § (z,0) is uniform in the circumferential
direction.

0 (2) = Q' (z,0) 2R, (3.10)

For circumferentially-heated heat pipes equation (3.6) becomes:

- ooledy
P I Q (z) dz (3.11) -
Fv + Fl 0

For the block-heated heat pipe, the capillary heat transport factor is
tvo- dimensional in the evaporator, so Q (z,0) is defined for each section of

the heat pipe. For the condenser and adiabatic sections, a uniform axial heat
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(3.13)

Twvo separate equations are needed for the axial heat rate per unit
circumferential distance for the heated region and the insulated region in the
evaporator section. The uniform radial heat flux in the heated region creates
a linear relationship in the axial heat rate from the uniform value at the
adiabatic/evaporator section boundary to zero at the evaporator end cap. The
heat rate per unit circumferential length in the heated region of the
evaporator section is described by the folloving equation.

ForLC+La$z(La.nd0§0$1:

o« (12 (] (g

Since there is no heat transfer through the valls of the insulated region

of the evaporator section, the liquid must be transported from the insulated

SeR E o e e e a e ey hTE S T i i



region to the heated region before it can be evaporated. An average tramsport
length was developed from the maximum and minimum transport lengths. The
minimum transport length is along the interface between the heated and

insulated regions of the liquid-wick and is equal to the evaporator length.

The maximum transport length iu the evaporator occurs for flov entering the

evaporator section directly opposite of the ceﬁiér bf-%ﬁé—ﬁéifg}:__fhe aaximum
travel length for this flow is the evaporator length plus one half the
circumference. The average of these two values is:

W)+ ey o

2 2 ave

(3.15)

Equation (3.15) was then used to determine a linear equation for Q' (z,0) in

the insulated region of the evaporator.

For Lc + La €z¢ Leff and 7 < 0 ¢ 27:

. Logs - 2 q

Q0 (2,0) = [ eff ] : ] [ °i“ax] (3.16)
Le + g Ryye’ "mhyye 2

vhere Legs i8 the effective travel length and is equal to L + ; nave in this

case. Q (z,8) is then substituted into equation (3.9) and a solution found

in terms of {

c,max’




+12' jLegf[L+5 liav;e - zj [ R1 } [ Qc;lax] dzh
r

dg
r ‘L-L 1- : L2 ave — . C e
e Le +y Rave ave
_ vty
qc,max z [ " n ] (3.17)
¢ e 1
T tlyr gk .

The term § Rave cancels out during the integration for circumferential heating

and the resulting equation is identical to that given by Chi (1976).

3.5 RESULTS AND DISCUSSION

The time needed for the heat pipe vapor temperature to reach 60°C was
recorded under circumferential heating and block heating. A comparison of the
elapsed time between the two modes of heating is discussed. The vapor aund
vall temperatures during the transient startup and the steady- state conditions
are presented. The experimental and analytical capillary limits using both
modes of heating were determined for several vapor temperatures. A comparison
between the two modes of heating and between the analytical and experimental

results is made.
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3.5.1 Elapsed Time to 60°C Vapor Temperature
Figure 3.4 presents the txme requxred for the heat pipe vapor temperature
to xeach 60°C vas measured to compare the transient response of the heat pipe
in circumferential and block heating modes. There was no significant
77 —difference—in—the response--time -betveen- -the —two - operating--modes. - The. - __ ..
differences that were seen can be attributed to the variations in the starting
‘vapor temperature and the resolutxon of the transient data. The data were
taken at 50—second 1ntervals and s0 the resclution of the transient data vas
limited to #+ 50 seconds. This was the minimum time required by the data
recording instrumentation for the calculation, display, and recording of the
temperatures. The starting temperature of the heat pipe varied from 21°C to
24°C. By an energy balance, as heat was put into the heat pipe and no heat
removed by the condenser, the internal energy of the heat pipe increased. As
the heat input was increased, the rate at which the internal energy rose also
increased and therefore the vapor temperature rose more quickly. We concluded
that the heat pipe time response to a step heat input was the same for both

heating modes.

3.5.2 Transient and Steady-State Temperature Comparisons

The transient vapor and wall temperatures for step heat inputs of 50 W
and 150 V are shown in Figures 3.5 and 3.6 for circumferential heating, and in
Figures 3.7 and 3.8 for block heating, respectively. The wall temperatures
shown in these figures are from the top of the heat pipe. The transient vapor
centerline temperature profiles for both circumferential (Figures 3.5a and
3.6a) and block heating (Figures 3.7a and 3.8a) modes show very little axial

variance in the vapor temperature of the heat pipe at these heat inputs. This

flat axial profile is common in low-temperature heat pipes in which no
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noncondensable gases are present in the heat pipe (Chi, 1976; Faghri and

Buchko, 1990).

The transient wall temperature profiles for both circumferential (Figures
3.5b and 3.6b) and block heating (Figures 3.7b and 3.8b) modes show that the
""" temperature spike directly underneath the heater develops almost immediately =~
upon the application of heat. Also, the remainder of the wall temperatures .
remain axially uniform throughout the transient period. Except for the fact
that the peak temperature in the block heating mode was higher than the
circunferential heating mode for a given heat input, no significant

differences were observed in the transient response of the heat pipe.

After the coolant had been started through the condenser, the heat pipe
vas allowved to reach a steady-state condition. Figures 3.9 and 3.10 shov a
comparison of the initial and final wall and vapor temperatures for both
heating modes for heat inputs of 50 and 150 W. No effort was made to match
the final vapor temperatures between the circumferential and block heating
modes. Instead, a constant coolant flow rate and constant inlet temperature
vas maintained for each heat input. This was the cause for the slight
difference in the steady-state vapor and wall temperatures in the 50 ¥ heat
input test. When this difference was taken into account, we determined that
the steady-state vapor and wall temperatures for both heating modes were
similar, except for the wall temperatures in the region around the evaporator.
Since the two evaporators were not in the same physical location, the *
difference in the location of the wall temperature peaks was expected. The
peak wall temperature for the block-heated mode was higher than the

circumferentially-heated mode for all heat inputs studied.
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At the higher heat inputs, a temperature trough developed at the
beginning of the condenser section when the coolant was allowed to flow
through the condenser. This was caused by the large temperature difference
between the coolant inlet temperature and the wall temperature at the

. beginning of the condenser.

3.5.3 Capillary Limit

The experimentally determined capillary limits for both modes of heating
vere compared to the analytical predictions with an excellent agreement. The
physical dimensions of the heat pipe and the matcrial properties of water were
substituted into equation (3.17) and the analytical capillary limit was
determined for several vapor temperatures 2s shown in Figure 3.11. The

experimental capillary limits are also shown in this figure.

The analytical methods used to determine the capillary limits were in
agreement with the experimental data for both heating modes. For the
block-heated experiment, the experimental capillary limit at 20°C vapor
temperature was unobtainable because of insufficient coolant flow capacity in
the condenser. The experimental capillary limits for the block heating mode
at 80°'( and 100°C could not be determined because the limit vas above the
maximum heat input of the heater. For the experimental capillary limits

. reported, there was good agreement with the analytical calculations. The
analytical prediction provides a conservative estimation of the capillary

limit of the heat pipe under block heating. There was a maximum error of 107

betwveen the experimental 1limits and the analytical 1limits for the
circumferentially- heated heat pipe, and a maximum of 25% for the block- heated

heat pipe.
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The experimental capillary limits for block heating are higher than those
for circumferential heating.  This was partially caused by the shorter
adiabatic section in the block-heated heat pipe. Faghri and Buchko (1990)
showed that decreasing the adiabatic transport length significantly increased
the capillary limit. The analytical capillary limits calculated for this
study also show this trénd. In both the analytical and experimental
predictions we observed a significant increase in the capillary limit for both
modes of heating as the vapor temperature increased. This was due to the

decrease of the viscosity of liquid water.

3.6 CONCLUSIONS )

A copper-water heat pipe with both circumferential and block heaters was
used to determine several transient and steady operating characteristics under
each heating mode. There were only very small differences in the elapsed time
for the heat pipe to reach 60°C between the circumferential heating and block
heating modes, with the largest differences at the low heat inputs. The vapor
temperatures remained within 1°C of each other during the entire transient
startup. The fast time response of the heat pipe to block heating makes it as
effective in electronic cooling as other conventional applications. The peak
wall temperature during transient startup for the block-heated heat pipe was
slightly higher than the circumferentially-heated heat bipe. The vapor and
wvall temperatures at steady-state were not significantly different either,

except the wall temperatures in the region around the evaporator.

The experimental capillary limits determined for a copper-water heat pipe

in circumferential and block heating modes were compared to the analytical

Preceding Page Blank
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values calculated using equation (3.17). The analytical predictions were
within 25% of the experimental limits. The capillary limits for block-heated
operation vere slightly higher than the circumferentially-heated limits. This
can be partially attributed to the shorter adiabatic transport section of the
block- heated heat pipe. The capillary limit increased significantly with an

increase in vapor temperature for both heating modes.
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Section IV

THREE- DIMENSIONAL NUMERICAL MODELING OF CIRCUMFERENTIALLY- HEATED
AND BLOCK- HRATED HEAT PIPES

4.1 SUNMARY

A general three-dimensional numerical heat pipe model which includes the
pipe wall, wick, and vapor flow as a conjugate heat-transfer problem has been
developed. The model was employed to solve for the operating characteristics
of a circumferentially-heated and block-heated heat pipe. These numerical
results were compared to experimental data from the heat pipe described in
Section III. A good agreement between the experimental data and the numerical

results was obtained for both heating modes.
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4.2 INTRODUCTION

The three-dimensional numerical solution of block-heated heat pipes as e
conjugate problem has not been performed in the past because of the complexity
of the problem and the lack of sufficient computer capacity.
Circumferentially- heated cylindrical heat pipes have been modeled numerically
in two dimensions using cylindrical coordirates for steady- state (Chen and
Faghri, 1990) and transient (Cao and Faghri, 1990) conditions. The evaporator .
region of a block-heated cylindrical heat pipe has been modeled numerically by
assuming that the pipe diameter is significantly larger than the wall
thickness and the heated region is much longer than its width (Rosenfeld,
1987; Cao et al., 1989). These assumptions allowed the circumference of the

evaporator to be modeled in Cartesian coordinates.

Rosenfeld (1987) developed a numerical method to determine the
steady- state wall temperature profile in the azimuthal direction for a
block-heated heat pipe using a powver-law assumption to represent the boiling
of the working fluid. The geometry of the model was a cylindrical pipe with
evaporator and condenser sections and no adiabatic transport section. A
narrov block heater was placed along the axial direction. We assumed that the
evaporator length was much longer than its width and the temperature
difference across the wvall in the radial direction was negligitle because the
vall vas thin and had a high thermal conductivity. W¥e also assumed that the
vapor temperature was uniform and constant. The exponent of the power law
used to model the boiling of the working fluid can vary from 0.5 to 6.0 for .
different wall materials and thicknesses, although values between 1.0 and 2.0
are most common. A model of the evaporator region was developed using a

one- dimensional Cartesian coordinate system to represent the azimuthal
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direction. Two different sets of boundary conditions were applied. The first
case applied to heat pipes with large diameters, thin walls, and low wall
thermal conductivities, and was solved analytically by simple integration.
The second case pertained to thick walls and high thermal conductivities,
resulting in a boundary-value problem which was solved using the shooting

method.

Cao et al. (1989) numerically analyzed the outside wall temperature
profile in the evaporator section of high- and low- temperature cylindrical
heat pipes with localized heating under steady-state conditions. The
evaporator for the high- temperature heat pipe was a point source (spot-heated)
with the remainder of the heat pipe operating as the condenser. The
low- temperature heat pipe consisted of a block-heated evaporator that covered
a larger portion of the circumference than the spot heater, a short adiabatic
transport region and a circumferential condenser. The vapor temperature was
assumed constant throughout the entire vapor space. The diameter of the heat
pipe was assumed to be much larger than the wall thickness, thus allowing a
two-dimensional Cartesian coordinate system to represent the axial and
azimuthal directions. The finite-difference method based on the
control-volume formulation was used to solve the two-dimensional energy
conservation equation. We determined that for high- temperature spot-heated
heat pipes, the thermal conductivity of the wall played an important role in

limiting the peak wall temperature directly underneath the heater.

Chen and Faghri (1990) numerically analyzed the steady-state operating

characteristics of circumferentially- heated cylindrical heat pipes with single
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or multiple heat sources using a two-dimensional conjugate heat transfer
model. The use of a conjugate model allowed the vapor temperature to be
solved for directly instead of being assumed constant. It also eliminated the
need for a power-law assumption to model the boiling of the working fluid at
the liquid-wick/vapor interface as was done in previous studies (Rosenfeld,
1987; Cao et al., 1989). Both the elliptic and partially-parabolic forms of
the conservation equations were examined. The mass, momentum, and energy
equations were solved for the velocity, pressure, and temperature fields for
the entire heat pipe domain: vapor, liquid-wick, and pipe wvall regions in the
evaporator, adiabatic transport, and condenser sections. The heat transfer in
the liquid-wick region was modeled as pure conduction. Conjugate axial
conduction, vapor compressibility, flow reversal, and viscous dissipation

effects were discussed.

The objective of this study was to develop a three-dimensional numerical
model for determining the temperature, pressure and velocity distributions in
the entire domain of a circumferentially-heated and a block-heated heat pipe
as a conjugate problem without assuming a uniform vapor temperature
(Rosenfeld, 1987; Cao et al., 1989). The problem was solved such that it was
not necessary to model the boiling at the liquid-vick/vapor interface with a
power- law assumption. This model was an extension of that developed by Chen
and Faghri (1990) from two dimensions to three dimensions with the addition of

block heating in the evaporator.

4.3 MATHEMATICAL MODELING

Schematics of the computational domains used for the block-heated and

circumferentially-heated heat pipes are shown in Figures 4.1 and 4.2,
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respectively. The components of velocity in the r, #, and ¢ directions were

v, u, and w, respectively. In the block-heated model, a plane of symmetry
along the r and z axes was established so that only half of the heat pipe

needed to be modeled.

The flow in the vapor region vas considered to be compressible, laminar,
and steady. The heat transfer through the liquid-wick region was modeled as
pure conduction with no fluid flow by using the effective thermal conductivity
of the working fluid and wick material. The properties of the working fluid
and wall material were constant and the vapor density of the working fluid
followed the perfect-gas law. Evaporation and condensation occurred only at
the inner radius of the liquid-wick region. At the 1liquid-wick/vapor
interface, the vapor temperature was calculated using the Clausius-Clapeyron
equation. At the liquid-wick/vapor and liquid-wick/wall interfaces, the
harmonic mean of the thermal conductivity was used in the energy equation.
The elliptic versions of the conservation equations were solved as a
one-domain conjugate problem.  Gravity and other body force terms were

neglected.

Under these assumptions, the conservation equations in the vapor region

are (Ganic et al., 1985):

Mass:

1

L)+ 2 5 (o) + & (ow) = 0 (4.1)
r-momentum:
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For the wall and the liquid-wick regions the energy equation simplified to:

MY P L N R (4.6)

In the pipe wall, the thermal conductivity in equation (4.6, is ks. The
effective thermal conductivity for the liquid-wick region, keff’ was

calculated for a screen mesh wick as follows (Chi, 1976):

k, [k, + k - (1 - ¢€) (k; - k)]
[ /4
l(eff : kl + kwv+ (1 - ¢€) TI(‘ - k"‘; (4.7)

vhere kt is the thermal conductivity of the liquid and kw is that of the wick

material. The wick porosity in equation (4.7) vas given by Chang (1987):

€=l°m (4.8)

vhere C is the ratio of the wire diameter to the opening width of the screen,

and D is the ratio of the wire diameter to the screen thickness.

The Clausius-Clapeyron equation was wused to determine the vapor
temperature from the saturation vapor pressure at the liquid-wick/vapor

interface.
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vhere To and Po are the reference saturation temperature and pressure imposed
at the evaporator end cap. If P0 is set to a datum pressure, the absolute

pressure distribution in the vapor region can be found.

The ideal gas law was needed to solve for the density because of

compressibility effects.
PV = pRTv (4.10)

The various boundary condition specifications required for the

conservation equations are summarized in Table 4.1.

4.4 NUMERICAL SOLUTION PROCEDURE

The circumferentially-heated and block-heated models were solved as a
single domain, convection-conduction problem with three radial regions: pipe
wvall, 1liquid-wick, and vapor. The heat transfer through the wall and
liquid-wick was treated as pure conduction by neglecting the liquid flow in
the wick. To account for the discontinuity in the thermal conductivity at the
liquid-wick/wall and the 1liquid-wick/vapor interfaces, the transport
coefficient in the energy equation was evaluated using the harmonic mean of

values from each side of the interface (Patankar 1980).

The generalized finite-difference method of solution developed by

Spalding (1980) was used to solve the elliptic conservation equations with the
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boundary conditions given in Table 4.1. The finite-domain equations were
derived by integration of the differential conservation equations over a
control volume surrounding a grid node. 7The integrated source term caused by
viscous dissipation and the pressure term in the energy equation were
linearized and the SIMPLEST practice (Spalding, 1980) was used to solve the
momentum equations. The SIMPLEST method of solution involves guessing the
pressure field and then solving the momentum equations to obtain the velocity
components. The rressure is then corrected and the entire procedure repeated
until convergence is achieved. The difference between SIMPLE and SIMPLEST
lies in the way that the convection terms vere handled in the momentum finite
difference equations (FDEs). In SIMPLEST, the momentum FDEs are initially
solved using diffusior contributions only. The conductiorn terms are then
added vhen the pressure distribution is corrected. The hybrid scheme was used
to determine the coefficients. VWhen the absolute value of a cell Peclet
rumber was greater than 2, the upwind differencing scheme was used.
Othervise, a central-difference scheme was used combined with a three-line

approximation of the coefficients.

The pressure and temperature terms were solved using a whole-field
approach which takes into account the effects from all three directions
simultaneously. The velocity components were solved using a slab-by-slab
approach in the axial direction. A false time step relaxation factor equal to
tha average cell transverse time was used to aid in convergence of the

velocity components.

The term ﬁhfs vas added to the source term in the energy balance at the

liquid- vick/vapor interface in the evaporator and condenser sections to
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account fof the latent heat of evaporation and condemsation. The heat flux at
the liquid-vick/vapor interface vas assumed to be equal that at the outer wall
for the first 150 iterations, and then corrected to an exact energy balance
for the remaining iterations. This was done to reduce the possibility of

divergence in the initial iteratioms.

Convérgence vas determined by examining the differemce in the absolute
values of the dependent variables between two successive iterations in a
single cell. If the difference was less than 10'4, the cell was considered to
be converged. A centerline cell near the condenser end cap was used for this
.onvergence check. Also, when the sum of the absolute volumetric errors cver

the whole field was less than 10'7

and steadily decreasing with increasing
iterations, the solution was considered to be converged. In the
circunferentially-heated heat pipe model, the number of grids in the axial and
radial directions wvere doubled until the converged solution did mot vary by
more than 17, with grid size. In the block-heated model, the number of grids
in the radial and axial directions were increased by 107 and the azimuthal
direction was doubled until the converged sclution did not vary with grid
size. There vas a limitation on the amount of computer memory available for
the block-heated model, which was the reason that the number of grids was not
doubled in each axis for the grid independence check. An axial by radial by
circumferential grid of 50 x 34 x 16 was used for the circumferentially- heated
model and a 50 x 34 x 50 grid was used for the block-heated model for the

final numerical results presented in this study.

4.5 BESULTS AND DISCUSSION

The numerical model developed for this study for the two different
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heating distributions was examined for a 100-W heat input. The outer wall
temperatures from both models were compared to experimental wall temperatures.
Excellent agreement was found between the experimental data and the numerical
models. The axial component of the velocity at several axial locations was
compared between the two heating modes. The outer wall temperature, and
centerline pressure and Mach number for the circumferentially-heated model
vere compared to the two-dimensional model developed by Faghri and Chen
(1989). The radial and circumferential components of the velocity in the
lock-heated model were examined and the existence of swirling flow was

discovered.

4.6 CIRCUMFERENTIALLY- HEATED HEAT PIPE MQDEL

A 100-¥ heat input was specified in the evaporator of the
circumferentially-heated copper-water heat pipe model. Figure 4.3 shows the
wvall temperature, centerline pressure, and centerline Mach number comparisons
between the present three-dimensional model and the numerical results given by
Chen and Faghri (1990). Wall temperature measurements from the experimental
setup discussed in Part I are also shown for comparison. The agreement is
excellent between the three-dimensional and two-dimensional models in all
three figures. This was expected because of the symmetry of the model in the
azimuthal direction. Figure 4.3a shows the outer vall temperatures along the
top of the experimental heat pipe and the numerical model. The difference
between the numerical wall temperatures and the experimental data in the
condenser section was due to the simplifying assumption of uniform heat
removal in the numerical model. Figure 4.3b shows the relative pressure

distribution. The reference pressure at the evaporator end cap vas fixed to

zero. If the operating pressure at the evaporator end cap is added to this
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pressure distribution, the actual pressure profile can be found.

Two opposite azimuthal grids were used in Fig. 4.4 to show the symmetry
of the velocity profile about the centerline at various axial locations.
Figure 4a shows the axial variation of the velocity profile in the region
around the evaporator section. As expected, the velocity profile was
symmetric about the heat pipe centerline and the magnitude increased from the
evaporator end cap because of the addition of mass from evaporation. Figure
4.4b shows the axial variation of the velocity profile in the middle of the
adiabatic section. The flow field appears to be fully developed in this
section. There was little or no change in the velccity profile in the axial
grids about the center of ¢the adiabatic region. Figure 4.4c shows the
velocity profile in the condenser section of the heat pipe model, which also
shows the symmetry of the velocity profile about the centerline. The
magnitude of the velocity profile was reduced as the amount of vapor decreases
because of condensation. Vapor flow reversal occurred near the liquid-wick/
vapor interface, which was caused by the significant amount of pressure

recovery.

Figure 4.5 shows the outer wall temperature profile along the
circumferentially- heated model, which was uniform around the circumference.
The wall temperature quickly dropped along the axial direction in the region
around the center of the evaporator. The wall temperature in the adiabatic
gection wvas uniform in the axial direction throughout most of its length. The

condenser had the coldest wall temperatures which were uniform in the axial

direction except at the beginning and the end.
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The numerical results of the block-heated heat pipe model were compared
to experimental data taken from the block-heated copper-water heat pipe (Part
I) with a heat input of 100 W. Figure 4.6a shows the experimental outer wall
temperatures along the top of the heat pipe compared to the numerical model.
The agreement between the numerical model and the experimental data was
excellent except in the condenser section. These differences wvere again due
to the assumption of a uniform heat flux in the condenser of the numerical
model. The centerline pressure distribution is shown in Fig. 4.6b. Because
the velocity profile was asymmetric in the circumferential dirgction, the
pressure profile was also asymmetric about the centerline. The
circumferential location taken for the centerline in Fig. 4.6b is the same as
the one examined in the circumferentially-heated model (Fig. 4.3b). The
fluctuations in the pressure near the condenser end cap were due to the
significant variations in the vapor velocity that is swirling. The relative

pressure distribution is shown in Fig. 4.6b.

Figure 4.7a shows the axial variation of the velocity vector profile in
the region around the evaporator. From the evaporator end cap to the heated
region, the axial component was symmetric about the heat pipe centerline
because conjugate heat conduction tends to spread the heat over the entire
circumference. From the beginning of the heated region to the condenser end
cap, the location of the maximum velocity shifted toward the bottom of the
heat pipe. This was due to the blowing in the evaporator section at the top

of the heat pipe model.

The axial variation of the velocity profile near the center of the
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Figure4.7  Axial Variation of Velocity for the Block-Heated
Heat Pipe Model, Q =100 W
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adiabatic section is given in Fig. 4.7b. Unlike the circumferentially-heated
model, the velocity profile peak changed slightly in both magnitude and
location over the length of the adiabatic region. The vapor velocity field
began to exhibit a significant amount of swirling which started in the heated
region and grew as the flow moved avay from the evaporator end cap. This
svirling caused considerable asymmetry in the velocity profile in the
condenser section. The swirling will be shown and discussed :n more detail in

Figs. 4.9-4.11.

Figure 4.7c shows the axial variation of the velocity profile near the
condenser end cap. Because the swirling was dispersed throughout the vapor
region, there was no smooth transition in the velocity profile from the top to

the bottom of the model in the last six axial grids.

In comparing Figs. 4.4 and 4.7, significant differences were found
betwveen the circumferentially-heated and the block-heated models. The
circumferentially-heated heat pipe velocity profile was symmetric about the
centerline of the model and was fully developed in the adiabatic region. This
wvas shown by the lack of significant changes in the velocity profile through
several axial locations in the adiabatic section (Fig. 4.4b). The
block- heated model shows no symmetry about the centerline except for the small
adiabatic section between the evaporator end cap and the heated region. Even
in the condenser section of the block-heated model, the flow remains
asymmetric, with most of the reverse flow taking place at the top of the vapor
space. The bloving from the block heater causes the vapor flow to move to the
bottom of the vapor region and the length of the pipe was insufficient for the

flow field to develop to a symmetric flow about the centerline.
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Figure 4.8 shows the wvall temperature of the block-heated heat pipe
model. The heat pipe wall temperature was symmetric in the azimuthal
direction throughout most of its length, except in the region about the block

heater.

Figures 4.9-4.11 present the redial and circumferential components of the
velocity vector as seen looking down the pipe axis. Figure 4.9a is from the
first axial grid of the evaporator section of the block-heated heat pipe
model. Along the top half of the model, the blowing representing the
evaporation of the working fluid from the heated region wvas present. In
conjunction vith Fig. 4.7a, it was determined that the majority of the vapor
from the blovwing region flowed around the circumference to the bottom and then

down the length of the heat pipe.

Figure 4.9b is from the second grid in the evaporator section. The flow
field vas similar to that in Fig. 4.9a except for the appearance of a small
amount of counterclockwise swirling in the vapor flov field near the
liquid- wick/vapor interface, just below the point where the heated region and
the insulated region meet. Further down the heat pipe, this swirling
encompassed an increasing amount of the vapor region. Figure 4.9c is from the
middle of the evaporator section. The flow field followed the same general
pattern as in Figs. 4.9a and 4.9b, but the area of swirling grew in size and
magnitude. Figure 4.9d is from the end of the evaporator section. The
swirling developed even more and affected about half the vapor radius in the

region near the circumferential point where the heater and insulated regions

meet.
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(a) NZ 5/50 (b) NZ 6/50

(c) NZ 8/50 (d) NZ 10/50

Figure 4.9  Velocity Variation in the Radial and Circumferential

Directions in the Evaporator Section of the Block-
Heated Heat Pipe Model, Q = 100 W




(b) NZ 15/50

(c) NZ 20/50 (d) NZ 25/50

Figure4.10 Velocity Variation in the Radial and Circumferential
Directions in the Adiabatic Section of the Block-
Heated Heat Pipe Model, Q = 100 W
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(a) NZ 35/50 (b) NZ 40/50

(c) NZ 45/50

Figure4.11 Velocity Variation in the Radial and Circumferential
Directions in the Condenser Section of the Block-
Heated Heat Pipe Model, Q = 100 W




Figure 4.10a is from the first axial grid of the adiabatic section. Vith
the elimination of most of the blowing along the top of the vapor region, the
swirling moved into the top half of the model. Even though most of the flow
field was affected by the swirling, the first and last grid in the
circunferential direction were not, and so when viewed from the side (Fig.
4.7a) a smooth tramsition from the top to the bottom of the model still

appeared in the velocity flow field.

Figure 4.10b is from a few grids further from the evaporator than Fig.
4.10a. From this axial location onwards, the swirling affected the entire
vapor region. The magnitude of the swirling had a profound effect on the
location of the maximum velocity. Figure 4.10c is an axial view of the radial
and circumferential components of the velocity at the middle of the adiabatic
section. The center of the swirling migrated into the top half of the vapor
space. Figure 10d is at the end of the adiabatic section. The swirling
continued to grow in magnitude and became more uniform about the vapor space.

The center of the swirling shifted slightly towards the top of the pipe.

Figure 4.11a is at the beginning of the condenser section. The uniform
suction about the circumference of the liquid-wick/vapor interface can be seen
in this figure. The swirling lost some of its momentum from the axial
location shown in Fig. 4.10d. This was caused by the removal of mass from the
vapor region. Figure 4.11b is from the middle of the condenser section.
Although the swirling had lost considerable magnitude, it was still
gignificant at this location. The magnitude of the swirling was no longer

uniform about the vapor space. Near the liquid-wick/vapor interface, the

magnitrde of the swirling was much higher than at the centerline. This




nonuniformity in the swirling caused significant variation in the axial
component of the velocity. Figure 4.11c is at the end of the condenser. The
center of the swirling had disappeared, but there still vas a significant
component of the swirling in the vapor space. The remaining effects of the
swirling caused the major part of the reversed flov showvn in Fig. 4.7c to move
to the top of the vapor region. The svirling observed in the numerical model
of the block-heated heat pipe was caused by end effects in the circumferential

direction at the heater edge.

4.8 CONCLUSIONS

Three-dimensional numerical models of a circumferentially-heated and a
block-heated heat pipe were developed. The wall temperatures from both models
wvere compared to experimental data with an excellent agreement. The vapor
velocity profiles for block heating were examined and compared to the profiles

of the circumferential heating model.

The numerical vapor velocity profiles showed the symmetric nature of the
circumferentially- heated heat pipe about the centerline. In the same regions
of the block-heated heat pipe, the vapor flow first moves radially awvay from
the heater with only a small portion turning axially before it reaches the far
side. There are significant end effects at the edge of the block heater.
These caused a significant amount of swirling, which greatly increased the
asymmetric nature of the vapor flow. Although the maximum axial velocities of
the two models were almost the same, the location of the maximum axial
component was significantly different. The maximum velocity of the
circumferentially- heated heat pipe occurred at the centerline, whereas the

location of the maximum velocity for the tlock-heated heat pipe stayed near




the liquid-wick/vapor interface opposite the heated section. The flow
reversal showed that the pressure recovery in the circumferentially-heated
heat pipe occurred near the liquid-wick/vapor interface, but in the

block-heated heat pipe it occurred near the plane of symmetry.
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Section V

TRANSIENT ANALYSIS OF NONCONVENTIONAL HEAT PIPES
VITH UNIFORN AND NONUNIFORN HEAT DISTRIBUTIONS

5.1 SUMNARY

A numerical analysis of transient heat pipe performance including
nonconventional heat pipes with nonuniform heat distributions is presented. A
body-fitted grid system was applied to a three-dimensional wall and wick
model wvhich was coupled vith a transient compressible quasi - one-dimensional
vapor flov model. The numerical results were first compared with experimental
data from cylindrical heat pipes with good agreement. Numerical calculations
vere then made for a leading edge heat pipe with localized high heat fluxes.
Performance characteristics different from conventional heat pipes are
illustrated and some operating limits concerning heat pipe design are

discussed.




5.1 INTRODUCTION

The study of heat pipe dynamics is important in many areas such as the
design and operation of space satellite radiators, cooling the leading edges
of re-entry vehicles and hypersonic aircraft, electronic equipment cooling,

and the cooling of nuclear and isotope reactors.

Since the heat pipe is a very complex system which involves many heat
transfer modes, it is very difficult to obtain a generalized analytical
solution for the heat pipe dynamics. In recent years, researchers have
concentrated on the numerical analysis of transient heat pipe operation.
These include Chang and Colwell (1985), Hall and Doster (1990), Bowman and
Hitchcock (1988), Jang et al. (1990), and Cao and Faghri (1990). The
numerical models involve different assumptions and are at different stages of
development. However, most of these numerical analyses deal with conventional
cylindrical heat pipes with heat distributions which are uniform around the
circumference. Jang (1988) was the only numerical study related to a leading
edge heat pipe using a finite element method. Mathematical models have been
developed for heat pipe startup from the frozen state. The emphasis of Jang’s
study was the early transient period of heat pipe startup involving the change
of phase in the wick. Neither the coupling of the vapor flow with the wick

and wall nor the continuum transient vapor analysis was completed.

The configuration of a leading edge heat pipe is shown in Fig. 5.1, which
is considered to be one of the most promising candidates for cooling the
leading edges of re-entry vehicles and hypersonic aircraft. In the basic
cooling concept, the heat pipe covers the leading edge to be protected. The

intengse aerodynamic heat is absorbed mainly at the leading edge, and
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transported through the heat pipe to the condenser, vhere it is rejected by
radiation or convection. This nonconventicnal heat pipe differs from the

conventional cylindrical heat pipe in several aspects:

1. The special geometric configuration of the heat pipe makes it difficult
to simulate the heat pipe operation with the cartesian or cylindrical *
coordinate systems since the vapor cross-sectional area changes along the
heat pipe length. In this case, one has to resort to the finite element
or the finite difference method with body-fitting coordinates.

2. Extremely high heat fluxes at the leading edge make the thickness or the
thermal conductivity of the heat pipe wall and wick to be one of the
dominant factors of the heat pipe operation. For the conventional heat
pipe vith a moderate heat flux, the temperature drop across the wall and
wick can be neglected vithout causing a significant error when analyzing
the heat pipe operation. However, this is not the case for leading edge
heat pipes.

3. The heat distribution at the leading edge is usually not uniform. This

makes the heat transfer in the wall and wick generally three-dimensional.

In this report, a numerical modeling for the transient analysis of
nonconventional heat pipes with variable cross- sectional areas and nonuniform
heat distributions is presented which implemented the above concerns. The
numerical results are compared with the relevant experimental data for

conventional cylindrical heat pipes, and then the numerical results for a

leading edge heat pipe are elaborated.




5.3 MATHEMATICAL NODELING

The mathematical formulation for the conventional heat pipe has been
given by Jang et al. (1990) and by Cao and Faghri (1990). However, neither
study solved the governing equations completely because of the complexity of
the problem. The effect of the liquid flow in the wick structure was
neglected and the wick structure vas assumed to be saturated by the working
substance. These assumptions were justified because the thermal conductivity
of the liquid metal is high and the thickness of the wick is very thin. This
does not mean that the liquid flow in the porous wick is not important. Vhile
the liquid flow has a negligible influence on the temperature distribution in
the wick, it is very important in the determination of the capillary limit of
the heat pipe. In the present study, the liquid flow in the porous wick was
considered as a decoupled process and Darcy’s law was applied to determine the

capillary limit.

As for the transient vapor flow, most of the previous works used
one-dimensional models which incorporated friction coefficients found from
two-dimensional numerical results or experiments. Cao and Faghri (1990)
employed a two-dimensional transient vapor flow model coupled with a
two-dimensional wall and wick model. Unfortunately, the scheme could not be
directly applied to the present problem because of the nonconventional
configuration as well as the three-dimensional heat transfer in the wall and
wick. For the multidimensional modeling of the present transient vapor flow,
a body-fitting system is needed which would result in a very complicated
numerical model. Another concern for the multidimensional modeling of the
vapor was that although it eliminated the need for friction coefficients, the

computational time needed was dramatically increased. Based on the above
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arguments and the fact that the vapor temperature in the transverse directions
is rather uniform, a transient compressible quasi - one-dimensional vapor flow
model with variable cross-sectional area coupled with a three-dimensional heat

transfer model in the wall and wick was chosen in the present study.

To simplify the analysis for the wall and the wick, the heat pipe wvas
assumed to be symmetric about the stagnation line so that only the upper half
of the heat pipe was considered. A typical vapor space channel with width W
vas considered for the mathematical formulation with the symmetric thermal

boundary condition applied on both sides.

5.3.1 Heat Pipe Wall and VWick

A body- conforming coordinate system using a multiblock approach was
employed in which the region of interest was split into two blocks, each of
which was mapped separately with different coordinates. When lower-order
blending functions were used, the grid lines usually had some kinks at the
nonphysical boundaries. Solution techniques, particularly those based on the
Taylor series expansion, might be sensitive to kinks in the grid lines. The
finite control-volume methods used here were found to be less sensitive since
they are based on flux balances in the cells (Karki, 1086). The body-fitted
grid for the heat pipe wall and wick is shown in Fig. 5.2. A cylindrical
coordinate system was used at the leading edge up to 0 = 90°. The energy

equation in this region is:

(cpp)f,’%=%§;(rk§)+§,§y(k%)+§;(k§§) (5.1)

For the rest of the heat pipe, a cartesian system is used. The corresponding
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energy equation is:

A F-ReRP s Fah (5.2)

where

\ { k for the wall

5.3) .
keff for the wiCk (
( ) c, Py for the wall
, 0) - |
P u(cp p)l + (1 - 9 (cp p)s for the wick (5.4)
5.3.2 Transient Compressible Quasi - One-Dimensional Vapor Flow

A stationary vapor control volume with width dx is represented in Fig.
5.3, along with the terms which appear in the conservation equations. The
control volume was drawn on the vapor side of the liquid-vapor interface. The
axial velocity was taken to be the average vapor velocity. It was also
assumed that the injection or suction vapor velocity at the liquid- vapor

interface wvas perpendicular to the heat pipe wall.
The conservation of mass is:

A UA
9 p ) . .Q(%x_l = v, g.g (5.5) ]

vhere A = A(x) is the cross-sectional area of the vapor channel. § = S(x) is

the channel wall surface area between the leading edge and position x. For a

circular heat pipe dS/dx reduces to =D.
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The conservation of momentum for the same control volume is:

g? (ApU) + g; (ApU2) = -A gi (p - § U gg) - % fp v? %g cos a + povﬁ gg gin @
(5.6)

- where f = 2 r"/pU2 is the friction coefficient at the wall.

The perfect gas law is employed to account for the compressibility of the

vapor. The equation of state is:

p = pRT, (5.7)

The vapor temperature and pressure are related by the Clausius-Clapeyron

equation:
h, dT
dp _f v
.8 - (5.8)
v

This approach corresponds to the equilibrium two- phase model (Levy, 1868) vith
vapor quality x’ = 1. Levy shows that the equilibrium two-phase model was
realistic and x° was approximately equal to unity along the heat pipe.
Ivanovskii et al. (1982) also used this model with x’ = 1 to analyze the
steady- state one-dimensional vapor flow, and found that the numerical result

agreed well with the experimental data.

5.3.3 Boundary Conditions and Priction Cocfficients
At both ends of the heat pipe, the no-slip condition for the vapor

velocity vas applied; i.e., at x = 0 and L, U = 0. For the wall and wick
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regions, the adiabatic syn-etfy boundary conditions vere applied except at the
outer wall surface and the inner liquid-vapor interface, which will be

described separately.

At the outer wall surface of the evaporator section, a distributed heat
flux, Qqig Y28 specified. At the outer vall surface of the condenser section,

either a convective or a radiative boundary condition vas specified:

h(T,6 - T.) convection)
0, - { . f (convection (5.9)

4 e
0T (radiation)

where h is the convective heat-transfer coefficient, T, is the bulk cooling
fluid temperature, T, is the outer vall temperature of the condenser, ¢ is the

emissivity and ¢ is the Stefan- Boltzmann constant.

The boundary condition at the liquid-vapor interface is more involved
because this couples the wick and the vapor flow. The interface temperature
at the evaporator and adiabatic sections was assumed to be the vapor
temperature obtained by the Clausius-Clapeyron equation. Since in the present
study the working temperature is relatively high, the assumption is valid as

shown by Dunn and Reay (1982) and by Groll et al. (1984).

The blowing or suction mass velocity v g, in eqns. (5.5) and (5.6) was

found from the interface relation:

(5.10)

v = keff 01! >0  blowing
PoVe = ﬁfg Ir

<0 suction




where 0Tl/0r can be calculated from the temperature distribution in the wick.

At the condenser interface, vapor condenses and releases its latent heat

energy. In order to simulate this process, a heat source
Qg = beg AoV, | SRR (75 5 R

vas applied at the grids next to the interface on the wick side. The suction

mass flux v in eqn. (5.11) can be obtained by using the conservation of

p
o’o
mass, eqn. (5.5), for a given vapor flow distribution along the x direction.

The friction coefficient f for the vapor flow used in this paper is
described below. At the evaporator, the vapor flow is alvays laminar as
indicated by Bowman and Hitchcock (1988). The skin-friction coefficient for a
circular pipe is f = 16/Re. If the Reynolds number was greater than 2000, the
flov at the condenser was considered to be turbulent, and the skin-friction

coefficient was taken to be f = 0.079/Re0'25.

Bowman and Hitchcock (1988)
studied the transient compressible flow of air in a simulated heat pipe and
proposed a friction correlation which takes into account the effect of mass
removal at the liquid- vapor interface on the friction coefficient. In a later
paper (Bowman, 1990), he pointed out that when their proposed correlation and
the skin-friction coefficients were used to model two identical heat-pipe
transients, he observed very little difference. For the leading edge heat
pipe shown in Fig. 5.1, the vapor channel is rectangular. The skin-friction .
coefficient f at the evaporator was taken to be f = q/neh, vhere Reh is the

Reynolds number based on the hydraulic diameter Dh of the vapor channel and g

vas taken from the chart for rectangular tubes (Chi, 1976). At the condenser,
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f = 0.079/Re, 035,

5.3.4 Limits to Heat Transport

Since the compressible vapor flow coupled with the wick and wall was
solved, the sonic limit (Mach number approaches unity) was part of the vapor
flow solution, so no special effort vas needed to describe the analytical
relations here. Therefore, the relations for the capillary limit and the

boiling limit are emphasized.

5.3.5 Capillary Limit
In order for the heat pipe to operate, the maximum capillary pumping head
(Apc)max must be greater than the total pressure drop in the heat pipe. Upon

neglecting the gravitational head, this relation can be expressed as:

2al

vhere r. is the effective capillary radius of the wick pores at the

liquid- vapor interface.

The vapor pressure drop Apv vas found from the vapor solution at each
time step. For Apl’ a quasi- steady state assumption and the Darcy’s law were

applied, with the positive x-direction opposite to the liquid flow direction:

dpl ) VZG 5 13
& T Kk (5.13)

where K i8 the wick permeability, which may be a function of «x. Aw is the
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wick cross-sectional area, and G is the local axial mass flow rate of the
liquid. Equation (5.13) can be integrated to obtain the liquid pressure drop

Apt in eqn. (5.12). Therefore,

Xpin Y 204
fo u—" dx + Apv _(_ -i:— (5.14)

vhere Xpin is the location where the capillary pressure is minimum and equal

£0 zero.

The local liquid mass flov rate G = G(x) was obtained by numerically

integrating mi(x) = VP along the liquid- vapor interface at time t
6w = [ (5.15)
x) = v p  Wd¢f 5.15
o ©0

5.3.6 Boiling Limit

The boiling limit occurs at the evaporator with high radial heat fluxes.
Because of the existence of the capillary wick, the boiling process is more
complicated than that for smooth surfaces. Analysis of the boiling limit
involves the theory of nucleate boiling, which involves two processes: the
formation of bubbles (nucleation), and the subsequent growth and motion of
these bubbles. A generally acceptable relation for the boiling limit is

_ 2Tvdl

AT - ) (5.16)

er ~ Iifg Pv Tn n

where Th is the initial radius of the vapor bubble at its formation, Rn is the

radius of the liquid- vapor interface. 1In the absence of sufficient data, a
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conservative tpproach sdggeited by Ci\i'(w'lb) vould be to use the values of T,

equal to 2.54 x 10°5 and 2.54 x 10°7 & for the gas-loaded and conventional
heat pipe, respectively. R, was taken to be approximately r. in the
calculation.

5.4 NUMERICAL.PROCEDURE

The governing equations along with the boundary conditions vere solved by
employing the control- volume finite-difference approach described by Patankar
(1980, 1988). For the wall and wick regions, an energy balance was directly
applied to the control volume to obtain the discretization equations for
temperature T. For the vapor flow, the one-dimensional SIMPLE algorithm was
employed. To deal with the compressible flow, the pressure was chosen as a
dependent variable and the density was obtained by directly applying the
equation of state.

The discretization equations for U and p’ have the general form

vhich vas described by Patankar (1980). For the present one-dimensional
formulation, the source term B contains the blowing and suction contributions

at the liquid- vapor interface which appear in eqns. (5.5) and (5.6).

At both ends of the heat pipe, the no-slip boundary condition leads to
the prescribed velocity boundary conditions with U = 0. Since no boundary
pressure is specified, and all the boundary coefficients in the pressure
correction p’ equation will be zero, the p’ equation is left without any means

of establishing the atsolute value of p’. A direct tridiagonal matrix
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algorithm would encounter a singular matrix and not be able to give a
solution. In this case, the value of p’ at the condenser end was assigned to
zero. The absolute value of the vapor pressure at the condenser end point was
calculated using the temperature of the liquid- vapor interface at the liquid
side and the Clausius-Clapeyron equation. The absolute values of the vapor
pressure along the heat pipe were also adjusted according to the value at the
end point during the iterations. The sequence of numerical steps was as

follows:

1. Initialize the temperature, velocity, and pressure fields. The density
values for the vapor are obtained from the current vapor pressure and
temperature fields through the equation of state.

2. Calculate the vapor-liquid interface mass velocity Voho using eqn.
(5.10).

3. Solve the vapor momentum equation to obtain U*.

4. Solve the p’ equation and update the current vapor pressure field.

5. Calculate U’s from their starred values using the velocity correction
formulas.

6. Calculate the vapor temperature using the Clausius-Clapeyron equation.

7. Calculate the heat source term, eqn. (5.11), using the conservation of
mags (eqn. 5.5) and the present vapor velocity solution.

8. Solve the temperature field for the wick and wall region.

9. Update the interface temperature at the evaporator and adiabatic sections

with the present vapor temperature, and steps (1) - (9) are repeated

until convergence is reached for each time step.




In order to validate the present model, the computer code was first
wvritten for a conventional cylindrical heat pipe, and the numerical results
vere compared with the experimental data by Kemme (1969). The heat pipe
studied by Kemme vas 1.3 m long with Le = 0,143 m, Lc = 1.08 m, and inside
diameter 5.7 mm with a screen wrap wick of thickness 6( = 0.15 aom and
stainless steel wall of thickness 6v = 0.9 mm. During the experiment, the
heat input was fixed to 6.4 kW. At a temperature near 800°C, the heat pipe
vas nearly isothermal so that the temperature profile was essentially flat.
The operating temperature was then reduced by changing the cooling condition
so that the choked condition could be reached. As the cooling rate at the
condenser was increased in steps, three different sets of steady-state
experimental data were obtained for subsonic (case A), sonic (case B) and
supersonic (case C) vapor flow in the sodium heat pipe. In order to simulate
the experimental conditions, a convective heat-transfer boundary condition was
specified at the outer wall surface of the heat pipe condenser, q, = h(Tv-Tf).
The numerical calculation was first made to reach the steady state with a
vapor working temperature of 800°C. Then, the heat- transfer coefficient h was
increased in steps, and three steady-state vapor temperature curves
corresponding to the experimental data were obtained. The numerical results
were compared with the experimental data in Fig. 5.4. The figure also shows
the numerical outer wall temperature distributions. As can be seen, the
agreement between the experimental data and the numerical results is

reasonable.

The grid size used in the above numerical calculation was 8 (3 radial

wvick + 5 radial wall) x 48 (axial). The numerical results were essentially
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independent of grid size. A change of grid size from 8 x 40 to 8 x 80
resulted in a change in the numerical results of less than 3%. The numerical
scheme used in this report has some restriction on the radial grid size for

the wick and vall. The blowing or suction mass velocity v vas calculated

0o
using the temperature distribution in the wick (eqn. (5.10)) during the
iteration. If the grid size was too small and the effective thermal

. conductivity was high, the temperature at a particular grid would be very
close to the temperatures of the neighboring grids. As a consequence, a
serious round-off errors would be produced when evaluating the temperature
gradient in the wick. However, the heat pipe wick and wall are very thin
(usually on the order of 1 mm), so a smaller number of grids in the wick and

vall would not produce any significant discretization or truncation errors,

especially when the control volume approach was used.

The numerical results were also compared with the transient experimental
data by Faghri and Buchko (1990). The heat pipe was a 1-m-long multiple heat
source sodium/stainless steel heat pipe with a vapor core radius Rv = 10.75
mm, a wrapped screen wick of thickness 6[ = 0.456 mm, and stainless steel wall
of thickness 6u = 2.15 mm. The heat pipe was initially at a steady state with
each of the four heaters having a power input of Ql =90 W. At time t = O,
the pover input was increased to 02 = 115 VW for each heater. Since the sodium
heat pipe assembly included additional heat capacities such as those of the
coiled heaters, radiation shielding, and supports, there existed an additional
thermal inertia for a power increase to the heat pipe. To account for the
additional heat capacities, a transient heat input Qt = Ql + (Q2 -Ql) [1 - exp
(-t/ro)] vas specified at the outer wall surface of the evaporator section.

The characteristic time To vhich is the time needed for the outer surface of

132




the heater to reach its maximum temperature after the power increase, was
abcut 8 min from the experimental data. The boundary condition at the
condenser was a radiative boundary condition, q, = ¢ cTé. The emissivity ¢ was
taken from the experiment to be ¢ = 0.6. The numerical results for the vapor
temperature wvere compared with the experimental data by Faghri anu Buchko
(1990) for six different times as well as two steady states in Fig. 5.5 with a

good agreement.

After testing the numerical method in the above two cases, attention was
turned to the leading edge heat pipe shown in Fig. 5.1. In the following
numerical calculation, the emphasis was put on the leading edge heat pipe with
an extremely high heat input at the evaporator to demonstrate the performance
characteristics that were different from conventional heat pipes. The
numerical calculation was first made for a lithium leading edge heat pipe in
Fig. 5.1(a) with a uniform heat input at the evaporator, Q4ig = 3 x 107 V/m2.
The dimensions and the properties of the heat pipe are Le = 0.054 m, Lc =
0.051 m, ¥V = 0.90630 m, h0 = 0.00521 m, Ri = 0.0015 m, 6“ = 6£ = 0.380 mm, (cp
p), = 4.94 x 108 33 - 1), (cp Pgg = 6:8 X 10° 3/(a - K), kogp = 55 ¥/(m
- K), k, =40 V/(m - K). At the condenser, a convective boundary condition
vas specified vith q, = h (T" - Tg). In this case, T and h were taken to be
500 K and 60000 W/(m® - K), respectively. The initial condition for the heat
pipe is T = T_ = 1200 K, p, = 2050 N/u® and U = 0 with a thaved working
fluid. At t =0, Qq;g ¥8S8 applied at the evaporator surface and the heat pipe
startup was initiated. Figure 5.6 shows the vapor Mach number distribution
along the heat pipe length during the startup process. The heat pipe reached

the sonic limit in a very short time. For a conventional heat pipe, startup

may be inhibited only when the heat pipe is initially in the frozen state and
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the heat- transfer coefficient at the condenser is very high. However, for the
present heat pipe with an extremely high power input at the evaporator and a
small geometrical dimension, startup difficulties may occur even when the heat
pipe initially has a fairly high temperature. The calculation vas made again
vith an initially lower k. .: .ra=sfer coefficient, h; = 15000 V/(m2 - K), at
the condenser, which was giai:alty increased to h = 60000 V/(m2 . K) after t =
. 0.05 s. The corresponding outer wall surface temperature, vapor temperature
and vapor Mach number are presented in Fig. 5.7. The heal pipe started
successfully without encountering the sonic limit, and reached the steady
state in about 4 s. The transient periods for the present heat pipe were much
shorter than those of conventional heat pipes, which have a transient period
of about 10 min for a pulsed heat input as indicated by Cao and Faghri (1990).
Since the present heat pipe has a much smaller geometrical dimension and
therefore a smaller heat capacity, it is understandable that the heat pipe has
a short transient period under a heavy heat load. Another performance
characteristic is that although the vapor temperature is relatively uniform
along the heat pipe length, large outer wall temperature gradients exist at

the leading edge and near the evaporator-condenser junction.

A leading edge heat pipe with different heat inputs at the evaporator and
a different wall and wick was then studied. The dimensions and properties of
the tungsten wall and wick were 6£ = 0.508 mm, 6" = 0.762 mm, (cp p)v =2.1x
107 J/(m3 - K), (cp Pegs = 2-60 x 10% 3/(a® - K), kgp = 80 W/(m - K), K, =
112 W/(m - K), with the rest of the dimensions and working fluid of the heat
pipe being the same as the previous one. The heat pipe was initially working

at the steady state with a uniform power input of Qyig = 2 x 106 V/m2 at the
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evaporator. At t = 0, a line heat source with a total heat input of Q = 2.06
kV vas added at the outer wall surface of the leading edge (- ; <8< 5). The
heat flux distribution vas assumed linear at the leading edge vith a maximum
heat flux of 75 x 10° \I/m2 at # = 0. The initial steady-state working
condition at t = 0 and the subsequent transient response are illustrated in
Fig 5.8. The convective heat-transfer coefficient at the condemser vas
initially h = 2000 U/(m2 - K) corresponding to the initial steady state (t =
0) and was gradually increased to h = 6000 V/(nr2 - K) after t = 0.2 8 to
reduce the heat pipe working temperature. Bothk the vapor temperature and the
vall temperature rose to a maximum as the additional heat input was applied at
the leading edge, and then dropped off because of the increase of the
heat- transfer coefficient at the condenser, reaching another steady state in
about 9 s. The vapor velocity distribution along the heat pipe length with a
uniform heat input at the evaporator was not much different from those of
conventional cylindrical heat pipes as indicated by the case t = 0.0 in Fig
5.8c. As the intense heat flux vas applied at the leading edge (0 < x ¢ B, =
0.0015 m), the vapor velocity increased sharply at the leading edge region,
and then began to decrease in the slope region (Rin ¢ x ¢ Le)' In this
region, the area of the vapor flow space increased significantly with much
less intense evaporation at the liquid-vapor interface; therefore, the vapor
velocity actually decreased. Near the evaporator-condenser junction, the
vapor velocity increased to another peak value and then gradually decreased to

zero along the condenser.

The capillary and boiling limits were also calculated for this heat pipe
configuration. The heat pipe wick considered was a wrapped screen wick with a

permeability K = 6.0 x 109 n? and an effective capillary radius r, = 3.81 x
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1048, The Xain iR eqn. (14) vas chosen as the location in the condenser
near the evaporator-condenser junction. Figure 9 shows the liquid and vapor
pressure distributions along the heat pipe at different time periods. Even
for a uniform heat flux Qg = 2 x'106 V/n2 (the steady state labeled with t =
0.0 s), the liquid pressure drop constituted only a small portion of the total
cabillary pressure in eqn. (5.14). As the additional power was applied at the
leading edge, the vapor pressure drop increased dramatically. At t = 0.004 s,
the vapor pressure at some location near the leading edge was even lower than
the liquid pressure. Shortly after this, the capillary limit was reached.
This means that a special design is needed for a leading edge heat pipe with
heavy heat loads to increase the total capillary pressure available, or
increase the vapor flow space at the leading edge. Where the vapor and liquid

pressures are equal, x was chosen at the location near the evaporator-

min
condenser junction because of the large vapor pressure recovery at the
condenser. Ernst (1967) pointed out that if the pressure recovery in the
condenser region is greater than the liquid pressure drop, then the meniscus
in the wick will be convex. While this is possible in principle under normal
heat pipe operation, there is excess liquid in the condenser region so that
this condition cannot occur. For this reason, it is usually assumed the

meniscus in the wick are flat and the liquid and vapor pressures are equal in

the condenser region, as shown in Fig 5.9.

The numerical results in Fig 5.8 were obtained with the assumption that
the capillary wick had been perfectly designed without encountering the
capillary limits, while in reality this is not always the case. If the
capillary limit was encountered, the outer wall temperature of the heat pipe

would be too high and the heat pipe would be burned out.
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Thé hbiiing limitation in eqn. (5.16) is heavily dependent on r , the
initial radius of the vapor bubbles at formation. In the absence of
sufficient experimental data, Chi (1976) suggested that a value of r = 2.54 x
107 n be used. VWith this value, the boiling limitation would not be
encountered in most cases except when the vapor temperature was very high and
the lithium vapor pressure approached 105'Pa. However, the value of r, = 2.54
. X 10'7 m can only be used when the heat pipe has been carefully processed to

eliminate all noncondensible gases. In the presence of noncondensibtle gases,

6 5

a much larger value ranging from 2.54 x 10~ m to 2.54 x 10

m should be
used. In this case, the boiling limitation might be encountered with heavy

heat loads.

Calculations were also made with a nonuniform heating condition along the
width of the leading edge heat pipe shown in Fig. 5.1(b). The distributed
heat flux was Qis = 3 x 107 U/m2 with 'e = 1,90 mm. The heat pipe
configuration and the initial condition were the same as those of the first
leading edge heat pipe examined. In this case, the heat transfer in the wall
and wick was three-dimensional. Figure 5.10 shows the outer wall temperature
along the stagnation line in the width direction. As shown, heat conduction
in the width direction is evident because of the nonuniform heating. However,

the heat conduction effects are limited to a region about 2(6£ + 6") vide.

5.6 CONCLUSIONS

The numerical method presented in this paper proves to be flexible and
capable of dealing with conventional and nonconventional heat pipes. The
numerical results have been compared with two sets of experimental data vith

good agreement.  The numerical results for the leading edge heat pipe
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demonstrated the following different performance characteristics:

(1)

(2)

(3)

(4)

(5)

challenges to heat pipe applications, and further study is definitely needed.

For a leading edge heat pipe with an extremely high heat load at the
evaporator and a small geometrical dimension, difficulties with startup
at a relatively high temperature may be encountered wvhen the cooling rate
at the condenser is not low enough.

The leading edge heat pipe reached the steady state very quickly because
of the high heat load and small heat capacity of the heat pipe.

When the heat load was very high at the leading edge, the vapor pressure
drop vas a dominant factor for the capillary limit consideration. An
increase in the vapor space at the leading edge is recommended.

Even though the vapor temperature was relatively uniform along the heat
pipe length, large temperature gradients existed at the outer wall
surface of the heat pipe. These temperature gradients may result in
large thermal stresses vhich may limit the life of the heat pipe.

Since temperature drops across the wick at the leading edge vere as high
as several hundreds of degrees, the boiling limit may be encountered in
spite of the liquid-metal working fluid. More effort is needed to

predict the boiling limit more accurately.

All these performance characteristics mentionrd above add additional
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